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PREFACE

n the sixth edition of Genetics: Analysis & Principles, the
content has been updated to reflect current trends in the field. In
addition, the presentation of the content has been improved in a
way that fosters active learning. As an author, researcher, and
teacher, I want a textbook that gets students actively involved in
learning genetics. To achieve this goal, I have worked with a
talented team of editors, illustrators, and media specialists who
have helped me to make the sixth edition of Genetics: Analysis &
Principles a fun learning tool.

Overall, an effective textbook needs to accomplish four
goals. First, it needs to provide comprehensive, accurate, and up-
to-date content in its field. Second, it needs to expose students to
the techniques and skills they will need to become successful in
that field. Third, an effective textbook should have pedagogical
features, such as formative assessment, that foster student learn-
ing. And finally, it should inspire students so they want to pursue
that field as a career. The hard work that has gone into the sixth
edition of Genetics: Analysis & Principles has been aimed at
achieving all four of these goals!

FLIPPING THE CLASSROOM

A recent trend in science education is the phenomenon that is some-
times called “flipping the classroom.” This phrase refers to the idea
that some of the activities that used to be done in class are now done
outside of class, and vice versa. For example, instead of spending
the entire class time lecturing over textbook and other materials,
some of the class time is spent engaging students in various activi-
ties, such as problem solving, working through case studies, and
designing experiments. This approach is called active learning. For
many instructors, the classroom has become more learner centered
rather teacher centered. A learner-centered classroom provides a
rich environment in which students can interact with each other and
with their instructors. Instructors and fellow students often provide
formative assessment—immediate feedback that helps each student
understand if his or her learning is on the right track.

What are some advantages of active learning? Educational
studies reveal that active learning usually promotes greater learning
gains. In addition, active learning often focuses on skill development
rather than on the memorization of facts that are easily forgotten.
Students become trained to “think like scientists” and to develop a
skill set that enables them to apply scientific reasoning. A common
concern among instructors who are beginning to try out active learn-
ing is that they think they will have less time to teach and therefore
will cover less material. However, this may not be the case. Although

students may be provided with online lectures, “flipping the class-
room” typically gives students more responsibility for understanding
the textbook material on their own. Along these lines, Genetics:
Analysis & Principles, Sixth Edition, is intended to provide students
with a resource that can be effectively used outside of the classroom.
Here are several of the key pedagogical features:

e NEW! A new feature called Genetic TIPS provides a
consistent approach to help students solve problems in
genetics. This approach has three components. First, the
student is made aware of the Topic at hand. Second, the
question is evaluated with regard to the Informaiton that is
available to the student. Finally, the student is guided
through one or more Problem-Solving Strategies to tackle
the question.

GENETIC TIPS THE QUESTION: All of the Genetic TIPS

begin with a question. As an example, let’s consider the following
question:

The coding strand of DNA in a segment of a gene is as follows:
ATG GGC CTT AGC. This strand carries the information to make a
region of a polypeptide with the amino acid sequence, methionine-
glycine-leucine-serine. What would be the consequences if a mutation
changed the second cytosine (C) in this sequence to an adenine (A)?

OOPIC: What topic in genetics does this question address? The
topic is gene expression. More specifically, the question is about
the relationship between a gene sequence and the genetic code.

oNFORMATION: What information do you know based on the
question and your understanding of the topic? In the question,
you are given the base sequence of a short segment of a gene and
told that one of the bases has been changed. From your understanding
of the topic, you may remember that a polypeptide sequence is
determined by reading the mRNA (transcribed from a gene) in
groups of three bases called codons.

GROBLEM-SOLVING TRATEGY: Compare and contrast.
One strategy to solve this problem is to compare the mRNA
sequence (transcribed from this gene) before and after the mutation:

Original: AUG GGC CUU AGC

Mutant:  AUG GGC AUU AGC

ANSWER: The mutation has changed the sequence of bases in the
mRNA so that the third codon has changed from CUU to AUU.
Because codons specify amino acids, this may change the third
amino acid to something else. Note: If you look ahead to Chapter 13
(see Table 13.1), you will see that CUU specifies leucine, whereas
AUU specifies isoleucine. Therefore, you would predict that the mu-
tation would change the third amino acid from leucine to isoleucine.

ix
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* Genes — Traits: Because genetics is such a broad discipline,
ranging from the molecular level to populations, many
instructors have told us that it is a challenge for students to
see both “the forest and the trees.” It is commonly mentioned
that students often have trouble connecting the concepts they
have learned in molecular genetics with the traits that occur
at the level of a whole organism (i.e., What does
transcription have to do with blue eyes?). To try to make this
connection more meaningful, certain figure legends in each
chapter, designated Genes — Traits, remind students that
molecular and cellular phenomena ultimately lead to the
traits that are observed in each species (see Figure 14.8).

¢ Learning Outcomes: Each section of every chapter begins
with a set of learning outcomes. These outcomes help
students understand what they should be able to do once they
have mastered the material in that section.

¢ Formative Assessment: When students are expected to learn
textbook material on their own, it is imperative that they are
regularly given formative assessment so they can gauge
whether they are mastering the material. Formative
assessment is a major feature of this textbook and is bolstered
by Connect—a state-of-the art digital assignment and
assessment platform. In Genetics: Analysis & Principles, Sixth
Edition, formative assessment is provided in multiple ways.

1.  As mentioned, a new feature called Genetic TIPS is
aimed at helping students refine their problem solving
skills.

2. Each section of every chapter ends with multiple-choice
questions. Also, compared with the previous edition, many
chapters in the sixth edition are divided into more sections
that are shorter in length. Formative assessment at the end
of each section allows students to evaluate their mastery of
the material before moving on to the next section.

3.  Most figures have Concept Check questions so students
can determine if they understand the key points in the
figure.

4. Extensive end-of chapter questions continue to provide
students with feedback regarding their mastery of the
material.

5. The textbook material is supported by digital learning
tools found in Connect. Questions and activities are
assignable in Connect, and students also have access to
our valuable adaptive study tool, SmartBook. With this
tool, students are repeatedly given questions regarding
the textbook material, and depending on their answers,
they may advance ahead in their reading, or they are
given specific advice on what textbook material to go
back and review.

Overall, the pedagogy of Genetics: Analysis & Principles,
sixth edition, has been designed to foster student learning. Instead of
being a collection of facts and figures, Genetics: Analysis & Prin-
ciples, Sixth Edition, by Rob Brooker, is intended to be an engaging
and motivating textbook in which formative assessment allows stu-
dents to move ahead and learn the material in a productive way. We
welcome your feedback so we can make future editions even better!

SIGNIFICANT CONTENT CHANGES

IN THE SIXTH EDITION

NEW! A new problem-solving feature called Genetic TIPS
has been added to the sixth edition. The Genetic TIPS are
found within each chapter and three or four are found at the
end of each chapter.

NEW! The topic of Epigenetics has been expanded to a
whole chapter, which is now Chapter 16.

NEW! A new chapter on non-coding RNA has been added,
which is Chapter 17. This long-overdue chapter is in
response to a remarkable explosion in our appreciation for
the roles of non-coding RNAs in many aspects of molecular
biology. Note: Although two new chapters have been added
to this edition, the overall page length of the sixth edition is
not longer than the fifth edition.

NEW! CRISPR-Cas systems: The role of the CRISPR-Cas
system in providing prokaryotes with a genome defense
mechanism is described in Chapter 17, and its use by
researchers to mutate genes is described in Chapter 21.

Examples of Specific Content Changes
to Individual Chapters

Chapter 2. Mendelian Inheritance: Several Genetic TIPS
have been added to help students work through problem-
solving strategies involving Mendelian inheritance.

Chapter 3. Chromosome Transmission During Cell Division
and Sexual Reproduction: The discussion of the random
alignment of homologs during metaphase of meiosis I was
expanded.

Chapter 4. Extensions of Mendelian Inheritance: The topic
of gene interaction was streamlined to focus primarily on
examples in which the underlying molecular mechanisms are
known.

Chapter 5. Non-Mendelian Inheritance:A common
misconception among students is that you can use a Punnett
square to deduce nonMendelian inheritance patterns.
Throughout the chapter, this misconception has been laid to
rest, and students are given effective strategies to predict
offspring genotypes and phenotypes.

Chapter 6. Genetic and Linkage Mapping in Eukaryotes:
When looking at experiments involving linkage, student
often find it very difficult to identify the recombinant
offspring. In various parts of the chapter, a strong effort has
been made to make it clear that recombinant offspring have
inherited a chromosome that is the product of a crossover.
Along these same lines, a new figure (see Figure 6.6) has
been added involving the experiments of Curt Stern showing
that recombinant offspring carry chromosomes that are the
product of a crossover. Also, Figure 6.8 has been revised to
emphasis this point.

Chapter 7. Genetic Transfer and Mapping in Bacteria:

Figure 7.13 is a new figure showing the increase in methicillin
resistance in certain Staphylococcus aureus strains.



Chapter 8. Variation in Chromosome Structure and Number:
Several Genetic TIPS have been added to help students solve
problems that involve changes in chromosome structure and
chromosome number.

Chapter 9. Molecular Structure of DNA and RNA: The
section on the discovery of the DNA double helix has been
streamlined to focus on the key experiments.

Chapter 10. Chromosome Organization and Molecular
Structure: The topic of bacterial chromosome structure has
been updated, which includes a new figure (see Figure 10.3)
and a discussion of microdomains.

Chapter 11. DNA Replication: A new figure has been added
on the initiation of DNA replication in eukaryotes (see
Figure 11.20).

Chapter 12. Gene Transcription and RNA Modification: The
information on alternative splicing has been moved to this
chapter.

Chapter 13. Translation of mRNA: Several Genetic TIPS
have been added to help students understand the relationship
between the genetic code and the synthesis of polypeptides.
Chapter 14. Gene Regulation in Bacteria: The information
on catabolite activator protein has been updated.

Chapter 15. Gene Regulation in Eukaryotes I: Transcriptional
and Translation Regulation: The material on eukaryotic gene
regulation is now divided into two chapters. Chapter 15
focuses on transcriptional and translational regulation.
Chapter 16. Gene Regulation in Eukaryotes II: Epigenetics:
This topic has now been expanded to an entire chapter. A
new subsection has been added on the role of epigenetics in
vernalization, which is the process in which some plant
species require an exposure to cold in order to flower the
following spring. Also, a new section has been added on the
intriguing topic of paramutation.

Chapter 17. Non-coding RNA: This new chapter begins
with an overview of the general functions of non-coding
RNAs, and then the subsequent sections explore certain
topics in greater detail, such as their role in chromatin
modification, transcription, translation, protein targeting, and
genome defense (e.g., the CRISPR-Cas system).

Chapter 18. Genetics of Viruses: The material on the
integration of phage A has been added to this chapter, along
with a brief discussion of Zika virus. Also, information on
the origin of HIV and the occurrence of HIV infection
worldwide and in the US has been updated.

Chapter 19. Gene Mutation and DNA Repair: The information
on the mismatch repair system has been updated.

Chapter 20. Recombination, Immunogenetics, and
Transposition: Section 20.2 has been revised to focus on
immunogenetics.

PREFACE Xi

e Chapter 21. DNA Technologies: A new subsection has
been added on gene mutagenesis, which includes a
description of the Crispr-Cas system for inactivating
and mutating genes.

* Chapter 22. Biotechnology: Several Genetic TIPS have been
added to help students appreciate the uses of molecular
techniques in biotechnology.

e Chapter 23. Genomics I: Analysis of DNA: The information
has been updated regarding completed genome sequences
and other aspects of genomics.

e Chapter 24. Genomics II: Functional Genomics, Proteomics,
and Bioinformatics: A new subsection has been added
on the method called RNA-Seq (see Figure 24.3). The
Bioinformatics section has been reorganized with an emphasis
on gene prediction and homology.

e Chapter 25. Medical Genetics and Cancer: Several
Genetic TIPS have been added to help students
understand how mutations play a role in certain
diseases, including cancer.

e Chapter 26. Developmental Genetics: The information on
Hox genes in development, and the role of the SRY gene is
human sex determination, have been updated.

e Chapter 27. Population Genetics: The topic of inbreeding
has been expanded.

* Chapter 28. Complex and Quantitative Traits: The topic of
the identification of QTLs is now found in its own
subsection.

* Chapter 29. Evolutionary Genetics: The cladistics method
for constructing a phylogenetic tree is compared with the
UPGMA method.

Suggestions Welcome!

It seems very appropriate to use the word evolution to describe the
continued development of this textbook. I welcome any and all
comments. The refinement of any science textbook requires input
from instructors and their students. These include comments re-
garding writing, illustrations, supplements, factual content, and
topics that may need greater or less emphasis. You are invited to
contact me at:

Dr. Rob Brooker

Dept. of Genetics, Cell Biology, and Development
University of Minnesota

6-160 Jackson Hall

321 Church St.

Minneapolis, MN 55455

brook005 @umn.edu

612-624-3053



Mc ®
Graw

Hill

Education

Required=Results

McGraw-Hill Connect’
Learn Without Limits

Connect is a teaching and learning platform
that is proven to deliver better results for
students and instructors.

Connect empowers students by continually
adapting to deliver precisely what they
need, when they need it, and how they need
it, so your class time is more engaging and
effective.

73% of instructors who use
Connect require it; instructor
satisfaction increases by 28% when
Connect is required.

©Getty Images/iStockphoto

Connect’s Impact on Retention Rates,
Pass Rates, and Average Exam Scores

2

Retention Rates Course Pass Rates Average Exam Scores

without Connect "W with Connect

Using Connect improves retention
rates by 19.8%, passing rates by
12.7%, and exam scores by 9.1%.

Analytics

Connect Insight’

Connect Insight is Connect’s new one-
of-a-kind visual analytics dashboard that
provides at-a-glance information regarding
student performance, which is immediately
actionable. By presenting assignment,
assessment, and topical performance results
together with a time metric that is easily
visible for aggregate or individual results,
Connect Insight gives the user the ability to
take a just-in-time approach to teaching and
learning, which was never before available.
Connect Insight presents data that helps
instructors improve class performance in a
way that is efficient and effective.

Impact on Final Course Grade Distribution

without Connect with Connect

15t )
s R




Adaptive

More students earn A's and
B's when they use McGraw-Hill
Education Adaptive products.

SmartBook’

Proven to help students improve grades and
study more efficiently, SmartBook contains the
same content within the print book, but actively
tailors that content to the needs of the individual.
SmartBook’s adaptive technology provides precise,
personalized instruction on what the student
should do next, guiding the student to master
and remember key concepts, targeting gaps in
knowledge and offering customized feedback,
and driving the student toward comprehension
and retention of the subject matter. Available on
tablets, SmartBook puts learning at the student’s
fingertips—anywhere, anytime.

Over 8 billion questions have been
answered, making McGraw-Hill
Education products more intelligent,
reliable, and precise.

www.mheducation.com

THE ADAPTIVE

READING EXPERIENCE
DESIGNED TO TRANSFORM
THE WAY STUDENTS READ

y STUDENTS WANT ¢

Me
[
il
coucaon

‘95%}

e

MARTBOOK"

of students reported SmartBook to
be a more effective way of reading
material.

@

of students want to use the Practice
Quiz feature available within
SmartBook to help them study.

of students reported having
reliable access to off-campus wifi.

of students say they would purchase
SmartBook over print alone.

Education

of students reported that
SmartBook would impact their
study skills in a positive way.




Xiv PREFACE

ACKNOWLEDGMENTS

The production of a textbook is truly a collaborative effort, and I
am deeply indebted to many people. All six editions of this text-
book went through multiple rounds of rigorous revision that in-
volved the input of faculty, students, editors, and educational and
media specialists. Their collective contributions are reflected in
the final outcome.

Deborah Brooker (Freelance Developmental Editor) metic-
ulously read the new material, analyzed every figure, and offered
extensive feedback. Her attention to detail in this edition and pre-
vious editions has profoundly contributed to the accuracy and
clarity of this textbook. I would also like to thank Jane Hoover
(Freelance Copy Editor) for understanding the material and work-
ing extremely hard to improve the text’s clarity. Her efforts are
truly appreciated.

I would particularly like to acknowledge the many people at
McGraw-Hill Education whose skills and insights are amazing.
My highest praise goes to Elizabeth Sievers (Lead Product Devel-
oper), who carefully checks all aspects of textbook development
and makes sure that all of the pieces of the puzzle are in place.
I am also grateful to Justin Wyatt (Brand Manager) for overseeing
this project. I would like to thank other people at McGraw-Hill
who have played key roles in producing an actual book and the
supplements that go along with it. In particular, Jayne Klein (Senior
Content Project Manager), has done a superb job of managing the

REVIEWERS Reggie Cobb, Nash Community College

Dan Choffnes, Carthage College

Laurie Cotroneo, Southern Utah University
Robert S. Dotson, Tulane University
Robert Hinrichsen, Indiana University of

Previous editions

Amy Abdulovic-Cui, Augusta State
University

Steve Alas, California State Polytechnic
University, Pomona

Pennsylvania

Margaret Hollingsworth, University at

components that need to be assembled to produce a book. I would
also like to thank Carrie Burger (Content Licensing Specialist),
who acted as an interface between me and the photo company. In
addition, my gratitude goes to David Hash (Designer), who pro-
vided much input into the internal design of the book as well as
created an awesome cover. Finally, I would like to thank Patrick
Reidy (Executive Marketing Manager), whose major efforts begin
when the sixth edition comes out!

I would also like to extend my thanks to everyone at Aptara
who worked with great care in the paging of the book, making sure
that the figures and relevant text are as close to each other as pos-
sible. Likewise, the people at Photo Affairs, Inc. have done a great
job of locating many of the photographs that have been used in the
sixth edition.

Finally, I want to thank the many scientists who reviewed
the chapters of this textbook with special attention to the new
Chapter 17, Non-coding RNAs. Their broad insights and construc-
tive suggestions were an overriding factor that shaped its final
content and organization. I am truly grateful for their time and
compassion.

* Susan Carpenter University of California, Santa Cruz

e Johnny El-Rady University of South Florida

e Terri McElhinny Michigan State University

* Douglas Wendell Oakland University

e Jeremy Wilusz University of Pennsylvania Perelman School
of Medicine

Thomas Peavy, California State University—
Sacramento

Rongsun Pu, Kean University

Robert Rutledge, DeSales University

Julian Shull, Appalachian State University

Jeffry Shultz, Louisiana Tech University

Ronald Wagner, Central Washington

X Buffalo University
Earve};lliilkgch, Ster}:z Calll]e se for. Women Mitrick Johns, /llinois University Carey Waldburger, William Paterson
aliﬁjrmlgm ermingham, University of Ekaterina Kaverina, East Tennessee State University
. . . . University Gary L. Walker, Appalachian State
Heit;ii};igzn Jr., Xavier University of Jesse Mager, University of Massachusetts University

Mirjana Milosevic Brockett, Georgia
Institute of Technology

Madhusudan Choudhary, Sam Houston
State University

University

Norah R. McCabe, Washington State

Jessica Wooten, The University of Findlay

R. Deborah Overath, Texas A&M
University—Corpus Christi



CHAPTER OUTLINE

1.1 The Molecular Expression
of Genes

1.2 The Relationship Between
Genes and Traits

1.3 Fields of Genetics

1.4 The Science of Genetics

CC (for “carbon copy”
or “copy cat”), the first
cloned pet. In 2002, the
cat shown here was
produced by cloning,

a procedure described
in Chapter 22.

© Corbis

PART I INTRODUCTION

OVERVIEW OF GENETICS

Hardly a week goes by without a major news story involving a
genetic breakthrough. The increasing pace of genetic discoveries
has become staggering. The Human Genome Project is a case in
point. This project began in the United States in 1990, when the
National Institutes of Health and the Department of Energy
joined forces with international partners to decipher the massive
amount of information contained in our genome—the DNA
found within all of our chromosomes (Figure 1.1). Remarkably,
in only a decade, they determined the DNA sequence (the order
of the bases A, T, G, and C) of over 90% of the human genome.
The completed sequence, published in 2003, has an accuracy
greater than 99.99%; less than one mistake was made in every
10,000 base pairs!

In 2008, a more massive undertaking, called the 1000 Ge-
nomes Project, was launched to establish a detailed understand-
ing of human genetic variation. In this international project,
researchers set out to determine the DNA sequence of at least
1000 anonymous participants from around the globe. In 2015,
the sequencing of over 2500 genomes was described in the jour-
nal Nature.

Studying the human genome allows us to explore fundamen-
tal details about ourselves at the molecular level. The results of the
Human Genome Project and the 1000 Genomes Project have shed
considerable light on basic questions, like how many genes we
have, how genes direct the activities of living cells, how species
evolve, how single cells develop into complex tissues, and how
defective genes cause disease. Furthermore, such understanding
may lend itself to improvements in modern medicine by leading to
better diagnoses of diseases and the development of new treat-
ments for them.

The journey to unravel the mysteries within our genes has
involved the invention of many new technologies. For example, re-
searchers have developed genetic techniques to produce medicines,
such as human insulin, that would otherwise be difficult or impos-
sible to make. Human insulin is synthesized in strains of Esche-
richia coli bacteria that have been genetically altered by the addition
of genes that encode the polypeptides that form this hormone. The
bacteria are grown in a laboratory and make large amounts of hu-
man insulin. As discussed in Chapter 22, the insulin is purified and
administered to many people with insulin-dependent diabetes.
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Chromosomes

DNA, the molecule of life

The adult human body
is composed of trillions
of cells.

Most human cells contain
the following:

« 46 human chromosomes,
found in 23 pairs

« 2 meters of DNA

« Approximately 22,000
genes coding for
proteins that perform
most life functions

« Approximately 3 billion
DNA base pairs per set
of chromosomes,
containing the bases A,
T,G,and C

Amino acid

Protein (composed of amino acids)

FIGURE 1.1 The human genome. The human genome is a complete set of human chromosomes. People have two sets of chromosomes—one
set from each parent—which are found in the cell nucleus. The Human Genome Project revealed that each set of chromosomes is composed of a DNA
sequence that is approximately 3 billion nucleotide base pairs long. Estimates suggest that each set contains about 22,000 different genes that encode
proteins. As discussed later, most genes are first transcribed into mRNA and then the mRNA is used to make proteins. This figure emphasizes the DNA
found in the cell nucleus. Humans also have a small amount of DNA in their mitochondria, which has also been sequenced.

CONCEPT CHECK: How might a better understanding of our genes be used in the field of medicine?

New genetic technologies are often met with skepticism and
sometimes even with disdain. An example is mammalian cloning.
In 1997, Tan Wilmut and his colleagues created clones of sheep,
using mammary cells from an adult animal (Figure 1.2). More
recently, such cloning has been achieved in several mammalian
species, including cows, mice, goats, pigs, and cats. In 2002, the
first pet was cloned, a cat named CC (for “carbon copy” or “copy
cat”; see photo at the beginning of the chapter). The cloning of
mammals provides the potential for many practical applications.
With regard to livestock, cloning would enable farmers to use
cells from their best individuals to create genetically homoge-
neous herds. This could be advantageous in terms of agricultural
yield, although such a genetically homogeneous herd may be
more susceptible to certain diseases. However, people have be-
come greatly concerned with the possibility of human cloning.
This prospect has raised serious ethical questions. Within the past
few years, legislation has been introduced that involves bans on
human cloning.

Finally, genetic technologies provide the means to modify
the traits of animals and plants in ways that would have been
unimaginable just a few decades ago. Figure 1.3a illustrates
a striking example in which scientists introduced a gene from

FIGURE 1.2 The cloning of a mammal. The lamb in the front
is Dolly, the first mammal to be cloned. She was cloned from the cells
of a Finn Dorset (a white-faced sheep). The sheep in the back is Dolly’s
surrogate mother, a Blackface ewe. A description of how Dolly was
produced is presented in Chapter 22.

© Roslin Institute/Phototake

CONCEPT CHECK: What ethical issues may be associated with human cloning?
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(b) GFP expressed in the gonads of a male mosquito

FIGURE 1.3 The introduction of a jellyfish gene into
laboratory mice and mosquitoes. (a) A gene that naturally occurs

in jellyfish encodes a protein called green fluorescent protein (GFP).
The GFP gene was cloned and introduced into mice. When these mice
are exposed to UV light, GFP emits a bright green color. These mice
glow green, just like the jellyfish! (b) The GFP gene was introduced
next to a gene sequence that causes the expression of GFP only in the
gonads of male mosquitoes. This allows researchers to identify and
sort males from females.

(a): © Advanced Cell Technology, Inc., Worcester, Massachusetts; (b): Photo taken by Flaminia
Catteruccia, Jason Benton and Andrea Crisanti, and assembled by www.luciariccidesign.com

CONCEPT CHECK: Why is it useful to sort male mosquitoes from females?

jellyfish into mice. Certain species of jellyfish emit a “green
glow” produced by a gene that encodes a bioluminescent protein
called green fluorescent protein (GFP). When exposed to blue or
ultraviolet (UV) light, the protein emits a striking green-colored
light. Scientists were able to clone the GFP gene from a sample
of jellyfish cells and then introduce this gene into laboratory
mice. The green fluorescent protein is made throughout the cells
of their bodies. As a result, their skin, eyes, and organs give off
an eerie green glow when exposed to UV light. Only their fur
does not glow.

The expression of green fluorescent protein allows research-
ers to identify particular proteins in cells or specific body parts.
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For example, Andrea Crisanti and colleagues have altered mosqui-
toes to express GFP only in the gonads of males (Figure 1.3b).
This enables the researchers to identify and sort males from fe-
males. Why is this useful? Researchers can produce a population
of mosquitoes and then sterilize the males. The ability to rapidly
sort males and females makes it possible to release the sterile
males without the risk of releasing additional females. The release
of sterile males may be an effective means of controlling mosquito
populations because females mate only once before they die.
Mating with a sterile male prevents a female from producing off-
spring. In 2008, Osamu Shimomura, Martin Chalfie, and Roger
Tsien received the Nobel Prize in chemistry for the discovery and
the development of GFP, which has become a widely used tool
in biology.

Overall, as we move forward in the twenty-first century, the
excitement level in the field of genetics is high, perhaps higher
than it has ever been. Nevertheless, new genetic knowledge and
technologies will also create many ethical and societal challenges.
In this chapter, we begin with an overview of genetics and then
explore the various fields of genetics and their experimental
approaches.

1.1 THE MOLECULAR

EXPRESSION OF GENES

Learning Outcomes:

1. Describe the biochemical composition of cells.

2. Explain how proteins are largely responsible for cell struc-
ture and function.

3. Outline how DNA stores the information to make proteins.

Genetics is the branch of biology that deals with heredity and
variation. It stands as the unifying discipline in biology by
allowing us to understand how life can exist at all levels of
complexity, ranging from the molecular to the population level.
Genetic variation is the root of the natural diversity that we
observe among members of the same species and among differ-
ent species.

Genetics is centered on the study of genes. A gene is classi-
cally defined as a unit of heredity. At the molecular level, a gene
is a segment of DNA that produces a functional product. The func-
tional product of most genes is a polypeptide, which is a linear
sequence of amino acids that folds into units that constitute pro-
teins. In addition, genes are commonly described according to the
way they affect traits, which are the characteristics of an organ-
ism. In humans, for example, we speak of traits such as eye color,
hair texture, and height. The ongoing theme of this textbook is the
relationship between genes and traits. As an organism grows and
develops, its collection of genes provides a blueprint that deter-
mines its traits.

In this section, we examine the general features of life,
beginning with the molecular level and ending with popula-
tions of organisms. As will become apparent, genetics is the
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common thread that explains the existence of life and its conti-
nuity from generation to generation. For most students, this
chapter should serve as an overview of topics they have learned
in other introductory courses such as General Biology. Even so,
it is usually helpful to see the “big picture” of genetics before
delving into the finer details that are covered in Chapters 2
through 29.

Living Cells Are Composed of Biochemicals

To fully understand the relationship between genes and traits, we
need to begin with an examination of the composition of living
organisms. Every cell is constructed from intricately organized
chemical substances. Small organic molecules such as glucose
and amino acids are produced from the linkage of atoms via
chemical bonds. The chemical properties of organic molecules
are essential for cell vitality in two key ways. First, the breaking
of chemical bonds during the degradation of small molecules pro-
vides energy to drive cellular processes. A second important
function of these small organic molecules is their role as the
building blocks for the synthesis of larger molecules. Four impor-
tant categories of larger molecules are nucleic acids (i.e., DNA
and RNA), proteins, carbohydrates, and lipids. Three of these—
nucleic acids, proteins, and carbohydrates—form macromolecules
that are composed of many repeating units of smaller building
blocks. RNA, proteins, and some carbohydrates are made from
hundreds or even thousands of repeating building blocks. DNA is
the largest macromolecule found in living cells. A single DNA
molecule can be composed of a linear sequence of hundreds of
millions of building blocks called nucleotides!

The formation of cellular structures relies on the interac-
tions of molecules and macromolecules. For example, nucleo-
tides are connected together to make DNA, which is a constituent
of chromosomes (Figure 1.4). In addition, DNA is associated
with many proteins that provide organization to the structure of
chromosomes. Within a eukaryotic cell, the chromosomes are
contained in a compartment called the cell nucleus. The nucleus
is bounded by a double membrane composed of lipids and pro-
teins that shields the chromosomes from the rest of the cell. The
organization of chromosomes within a cell nucleus protects the
chromosomes from mechanical damage and provides a single
compartment for genetic activities such as gene transcription. As
a general theme, the formation of large cellular structures arises
from interactions among different molecules and macromole-
cules. These cellular structures, in turn, are organized to make a
complete living cell.

Each Cell Contains Many Different
Proteins That Determine Cell Structure
and Function

To a great extent, the characteristics of a cell depend on the types
of proteins that it makes. The entire collection of proteins that a
cell makes at a given time is called its proteome. The range of
functions among different types of proteins is truly remarkable.
Some proteins help determine the shape and structure of a given

Plant cell

Nucleus

Chromosome

Proteins

} t Nucleotides

K Guanine

FIGURE 1.4 Molecular organization of a living cell. Cellular
structures are constructed from smaller building blocks. In this example,
DNA is formed from the linkage of nucleotides to produce a very long
macromolecule. The DNA associates with proteins to form a chromosome.
The chromosomes are located within a membrane-bound organelle called
the nucleus, which, along with many different types of organelles, is
found within a complete cell.

photo: © Biophoto Associates/Science Source

CONCEPT CHECK: Is DNA a small molecule, a macromolecule, or an organelle?



cell. For example, the protein known as tubulin assembles into
large structures known as microtubules, which provide the cell
with internal structure and organization. Other proteins are in-
serted into cell membranes and aid in the transport of ions and
small molecules across the membrane. Enzymes, which acceler-
ate chemical reactions, are a particularly important category of
proteins. Some enzymes play a role in the breakdown of molecules
or macromolecules into smaller units. These are known as cata-
bolic enzymes and are important in the utilization of energy.
Alternatively, anabolic enzymes and accessory proteins function
in the synthesis of molecules and macromolecules throughout the
cell. The construction of a cell greatly depends on its proteins that
are involved in anabolism because these are required to synthesize
all cellular macromolecules.

Molecular biologists have come to realize that the functions
of proteins underlie the cellular characteristics of every organism.
At the molecular level, proteins can be viewed as the active par-
ticipants in the enterprise of life.

DNA Stores the Information for Protein Synthesis

The genetic material of living organisms is composed of a sub-
stance called deoxyribonucleic acid, abbreviated DNA. The
DNA stores the information needed for the synthesis of all cellular
proteins. In other words, the main function of the genetic blueprint
is to code for the production of proteins in the correct cell, at the
proper time, and in suitable amounts. This is an extremely compli-
cated task because living cells make thousands of different pro-
teins. Genetic analyses have shown that a typical bacterium can
make a few thousand different proteins, and estimates for the
numbers produced by complex eukaryotic species range in the
tens of thousands.

DNA’s ability to store information is based on its structure.
DNA is composed of a linear sequence of nucleotides. Each
nucleotide contains one of four nitrogen-containing bases: ade-
nine (A), thymine (T), guanine (G), or cytosine (C). The linear
order of these bases along a DNA molecule contains information
similar to the way that groups of letters of the alphabet represent
words. For example, the “meaning” of the sequence of bases
ATGGGCCTTAGC differs from that of TTTAAGCTTGCC.
DNA sequences within most genes contain the information to
direct the order of amino acids within polypeptides according to
the genetic code. In the code, a three-base sequence specifies
one particular amino acid among the 20 possible choices. One
or more polypeptides form a functional protein. In this way, the
DNA can store the information to specify the proteins made by
an organism.

DNA Sequence Amino Acid Sequence
ATG GGC CTT AGC Methionine Glycine Leucine Serine
TTT AAG CTT GCC Phenylalanine Lysine Leucine Alanine

In living cells, the DNA is found within large structures known as
chromosomes. Figure 1.5 is a micrograph of the 46 chromosomes
contained in a cell from a human male; this type of image is known
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FIGURE 1.5 A micrograph of the 46 chromosomes found in a
cell from a human male.
© CNRI/Science Source

CONCEPT CHECK: Which types of macromolecules are found in chromosomes?

as a karyotype. The DNA of an average human chromosome is an
extraordinarily long, linear, double-stranded structure that con-
tains well over a hundred million nucleotides. Along the immense
length of a chromosome, the genetic information is parceled into
functional units known as genes. An average-sized human chro-
mosome is expected to contain about 1000 different protein-
encoding genes.

The Information in DNA Is Accessed During
the Process of Gene Expression

To synthesize its proteins, a cell must be able to access the informa-
tion that is stored within its DNA. The process of using a gene se-
quence to affect the characteristics of cells and organisms is referred
to as gene expression. At the molecular level, the information
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Transcription

RNA (messenger RNA)

Translation

Protein
(sequence of
amino acids)

Functioning of proteins within living
cells influences an organism'’s traits.

FIGURE 1.6 Gene expression at the molecular

J level. The expression of a gene is a multistep process.
NI.IE During transcription, one of the DNA strands is used as a
ANIMATION template to make an RNA strand. During translation, the
RNA strand is used to specify the sequence of amino acids within a
polypeptide. One or more polypeptides produce a protein that functions
within the cell, thereby influencing an organism’s traits.

CONCEPT CHECK: Where is the information to make a polypeptide stored?

e

within genes is accessed in a stepwise process (Figure 1.6). In the
first step, known as transcription, the DNA sequence within a gene
is copied into a nucleotide sequence of ribonucleic acid (RNA).
Protein-encoding genes (also called structural genes) carry the
information for the amino acid sequence of a polypeptide. When a
protein-encoding gene is transcribed, the first product is an RNA
molecule known as messenger RNA (mRNA). During polypeptide
synthesis—a process called translation—the sequence of nucleo-
tides within the mRNA determines the sequence of amino acids in a
polypeptide. One or more polypeptides then fold and assemble into
a functional protein. The synthesis of functional proteins ultimately
determines an organism’s traits. As discussed further in Chapter 12
(look ahead to Figure 12.1), the pathway of gene expression from
DNA to RNA to protein is called the central dogma of genetics
(also called the central dogma of molecular biology). It forms a
cornerstone of our understanding of genetics at the molecular level.

1.1 COMPREHENSION QUESTIONS

1. Which of the following is not a constituent of a cell’s proteome?
a. Anenzyme

b. A cytoskeletal protein
¢. Atransport protein in the plasma membrane
d. An mRNA

2. Ageneis asegment of DNA that has the information to produce
a functional product. The functional product of most genes is
a. DNA.

b. mRNA.
c. apolypeptide.
d. all of the above.

3. The function of the genetic code is to
a. promote transcription.

b. specify the amino acids within a polypeptide.
c. alter the sequence of DNA.
d. none of the above.

4. The process of transcription directly results in the synthesis of
a. DNA.

b. RNA.
c. apolypeptide.
d. all of the above.

1.2 THE RELATIONSHIP

BETWEEN GENES AND TRAITS

Learning Outcomes:

1. Outline how the expression of genes leads to an organism’s

traits.

Define genetic variation.

Discuss the relationship between genes and traits.

4. Describe how genes are transmitted in sexually reproducing
species.

5. Explain the process of evolution.

wN

A trait is any characteristic that an organism displays. In genetics,
we often focus our attention on morphological traits, those that
affect the appearance, form, and structure of an organism. The
color of a flower and the height of a pea plant are morphological
traits. Geneticists frequently study these types of traits because
they are easy to evaluate. For example, an experimenter can sim-
ply look at a plant and tell if it has red or white flowers. However,
not all traits are morphological. Physiological traits affect the
ability of an organism to function. For example, the rate at which
a bacterium metabolizes a sugar such as lactose is a physiological
trait. Like morphological traits, physiological traits are con-
trolled, in part, by the expression of genes. Behavioral traits
affect the ways an organism responds to its environment. An ex-
ample is the mating calls of bird species. In animals, the nervous
system plays a key role in governing such traits. In this section,
we will examine the relationship between the expression of genes
and an organism’s traits.

The Molecular Expression of Genes Leads
to an Organism’s Traits

A complicated, yet very exciting, aspect of genetics is that our
observations and theories span four levels of biological organization:



molecules, cells, organisms, and populations. This can make it
difficult to appreciate the relationship between genes and traits.
To understand this connection, we need to relate the following
phenomena:

1. Genes are expressed at the molecular level. In other
words, gene transcription and translation lead to the
production of a particular protein, which is a molecular
process.

2. Proteins often function at the cellular level. The function
of a protein within a cell affects the structure and workings
of that cell.

3. An organism’s traits are determined by the characteristics
of its cells. We do not have microscopic vision, yet when
we view morphological traits, we are really observing the
properties of an individual’s cells. For example, a red
flower has its color because its cells make a red pigment.
The trait of red flower color is an observation at the
organism level. Yet the trait is rooted in the molecular
characteristics of the organism’s cells.

4. A species is a group of organisms that maintains a
distinctive set of attributes in nature. The occurrence of a
trait within a species is an observation at the population
level. Along with learning how a trait occurs, we also
want to understand why a trait becomes prevalent in a
particular species. In many cases, researchers discover
that a trait predominates within a population because
it promotes the reproductive success of the members
of the population. This leads to the evolution of
beneficial traits.

As a schematic example to illustrate the four levels of genetics,
Figure 1.7 shows the trait of pigmentation in butterflies. One
member of this species is dark-colored and the other is very light.
Let’s consider how we can explain this trait at the molecular,
cellular, organism, and population levels.

At the molecular level, we need to understand the nature of
the gene or genes that govern this trait. As shown in Figure 1.7a, a
gene, which we will call the pigmentation gene, is responsible for
the amount of pigment produced. The pigmentation gene exists in
two different versions. Alternative versions of a specific gene are
called alleles. In this example, one allele confers a dark pigmenta-
tion and the other causes a light pigmentation. Each of these al-
leles encodes a protein that functions as a pigment-synthesizing
enzyme. However, the DNA sequences of the two alleles differ
slightly from each other. This difference in the DNA sequence
leads to a variation in the structure and function of the respective
pigmentation enzymes.

At the cellular level (Figure 1.7b), the functional differences
between the two pigmentation enzymes affect the amount of pig-
ment produced. The allele causing dark pigmentation, which is
shown on the left, encodes an enzyme that functions very well.
Therefore, when this gene is expressed in the cells of the wings,
a large amount of pigment is made. By comparison, the allele
causing light pigmentation encodes an enzyme that functions
poorly. Therefore, when this allele is the only pigmentation gene
expressed, little pigment is made.

1.2 THE RELATIONSHIP BETWEEN GENES AND TRAITS

Pigmentation gene
(dark allele)
found in a dark butterfly

Pigmentation gene
(light allele)
found in a light butterfly

l Transcription and translation l
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Highly functional
pigmentation enzyme

Poorly functional
pigmentation enzyme
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(b) Cellular level
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Dark butterfly Light butterfly

(c) Organism level

Dark butterflies are usually
in forested regions.

Light butterflies are usually
in unforested regions.

(d) Population level

FIGURE 1.7 The relationship between genes and traits at the
(a) molecular, (b) cellular, (c) organism, and (d) population levels.

CONCEPT CHECK: Which butterfly has a more active pigment-producing
enzyme, the dark- or light-colored one?
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At the organism level (Figure 1.7c), the amount of pig-
ment in the wing cells governs the color of the wings. If the
pigment cells produce high amounts of pigment, the wings are
dark-colored. If the pigment cells produce little pigment, the
wings are light.

Finally, at the population level (Figure 1.7d), geneticists
would like to know why a species of butterfly would contain some
members with dark wings and other members with light wings.
One possible explanation is differential predation. The butterflies
with dark wings might avoid being eaten by birds if they happen to
live within the dim light of a forest. The dark wings would help to
camouflage the butterfly if it were perched on a dark surface such
as a tree trunk. In contrast, the lightly colored wings would be an
advantage if the butterfly inhabited a brightly lit meadow. Under
these conditions, a bird may be less likely to notice a light-colored
butterfly that is perched on a sunlit surface. A population geneti-
cist might study this species of butterfly and find that the dark-
colored members usually live in forested areas and the light-colored
members reside in unforested regions.

Inherited Differences in Traits Are
Due to Genetic Variation

In Figure 1.7, we considered how gene expression leads to vari-
ation in a trait of organisms, using the example of dark- versus
light-colored wings in butterflies. Variation in traits among
members of the same species is very common. For example,
some people have brown hair and others have blond hair; some
petunias have white flowers and others have purple flowers.
These are examples of genetic variation. This term describes
the differences in inherited traits among individuals within
a population.

In large populations that occupy a wide geographic range,
genetic variation can be quite striking. Morphological differ-
ences have often led geneticists to misidentify two members of
the same species as belonging to separate species. As an exam-
ple, Figure 1.8 shows two dyeing poison frogs that are members
of the same species, Dendrobates tinctorius. They display dra-
matic differences in their markings. Such contrasting forms
within a single species are termed morphs. You can easily imag-
ine how someone might mistakenly conclude that these frogs are
not members of the same species.

Changes in the nucleotide sequence of DNA underlie the
genetic variation that we see among individuals. Throughout this
textbook, we will routinely examine how variation in the genetic
material results in changes in an organism’s traits. At the molecu-
lar level, genetic variation can be attributed to different types of
modifications.

1. Small or large differences can occur within gene sequences.
When such changes initially occur, they are called gene
mutations. Mutations result in genetic variation in which
a gene is found in two or more alleles, as previously
described in Figure 1.7. In many cases, gene mutations
alter the expression or function of a protein that a gene
encodes.

FIGURE 1.8 Two dyeing poison frogs (Dendrobates tinctorius)
showing different morphs within a single species.
(Top): © Mark Smith/Science Source; (Bottom): © Dante Fenolio/Science Source

CONCEPT CHECK: Why do these two frogs look so different?

2. Major alterations can also occur in the structure of a
chromosome. A large segment of a chromosome can be
lost, rearranged, or reattached to another chromosome.

3. Variation may also occur in the total number of chromo-
somes. In some cases, an organism may inherit one too
many or one too few chromosomes. In other cases, it may
inherit an extra set of chromosomes.

Variations of sequences within genes are a common source of ge-
netic variation among members of the same species. In humans,
familiar examples of variation involve genes for eye color, hair
texture, and skin pigmentation. Chromosome variation—a change
in chromosome structure or number (or both)—is also found, but
this type of change is often detrimental. Many human genetic dis-
orders are the result of chromosomal alterations. The most com-
mon example is Down syndrome, which is due to the presence of
an extra chromosome (Figure 1.9a). By comparison, chromosome
variation in plants is common and often leads to plants with supe-
rior characteristics, such as increased resistance to disease. Plant
breeders have frequently exploited this observation. Cultivated
varieties of wheat, for example, have many more chromosomes
than the wild species (Figure 1.9b).

Traits Are Governed by Genes
and by the Environment

In our discussion thus far, we have considered the role that genes
play in determining an organism’s traits. Another critical factor is
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(a) (b)

FIGURE 1.9 Examples of chromosome variation. (a) A person
with Down syndrome. She has 47 chromosomes rather than the common
number of 46, because she has an extra copy of chromosome 21. (b) A
wheat plant. Cultivated wheat is derived from the contributions of three
wild species with two sets of chromosomes each, producing an organism
with six sets of chromosomes.

(a): © Stockbyte/Alamy RF; (b): © Brand X Pictures/PunchStock RF

CONCEPT CHECK: Do these examples constitute variation in chromosome
structure or variation in chromosome number?

the environment—the surroundings in which an organism ex-
ists. A variety of factors in an organism’s environment pro-
foundly affect its morphological and physiological features. For
example, a person’s diet greatly influences many traits such
as height, weight, and even intelligence. Likewise, the amount
of sunlight a plant receives affects its growth rate and the color
of its flowers.

An interesting example of the interplay between genes and
the environment involves the human genetic disease phenylke-
tonuria (PKU). Humans have a gene that encodes an enzyme
known as phenylalanine hydroxylase. Most people have two
functional copies of this gene. People with one or two func-
tional copies of the gene can eat foods containing the amino
acid phenylalanine and metabolize it properly. A rare variation
in the gene that encodes phenylalanine hydroxylase results in a
nonfunctional version of this enzyme. Individuals with two cop-
ies of this rare, inactive allele cannot metabolize phenylalanine
properly. When given a standard diet containing phenylalanine,
individuals with this disorder are unable to break down this
amino acid. Phenylalanine accumulates and is converted into
phenylketones, which are detected in the urine. Individuals with
PKU can manifest a variety of detrimental traits, including men-
tal impairment, underdeveloped teeth, and foul-smelling urine.
Fortunately, through routine newborn screening in the United
States, PKU is now diagnosed early. Part of the treatment is a
diet that restricts phenylalanine, which is present in high-protein
foods such as eggs, meat, and dairy products. Restricting phe-
nylalanine allows the affected child to develop normally.
PKU provides a dramatic example of how the environment and
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an individual’s genes can interact to influence the traits of the
organism.

During Reproduction, Genes Are Passed
from Parent to Offspring

Now that we have considered how genes and the environment
govern the outcome of traits, we can turn to the issue of inheritance.
How are traits passed from parents to offspring? The foundation
for our understanding of inheritance came from Gregor Mendel’s
study of pea plants in the nineteenth century. His work revealed
that the genetic determinants that govern traits, which we now call
genes, are passed from parent to offspring as discrete units. We can
predict the outcome of many genetic crosses based on Mendel’s
laws of inheritance.

The inheritance patterns identified by Mendel can be ex-
plained by the existence of chromosomes and their behavior dur-
ing cell division. Like Mendel’s pea plants, sexually reproducing
species are commonly diploid. This means they contain two
copies of each chromosome, one from each parent. The two cop-
ies are called homologs of each other. Because genes are located
within chromosomes, diploid organisms have two copies of most
genes. Humans, for example, have 46 chromosomes, which are
found in homologous pairs (Figure 1.10a). With the exception
of the sex chromosomes (X and Y), each homologous pair con-
tains the same kinds of genes. For example, both copies of human
chromosome 12 carry the gene that encodes phenylalanine
hydroxylase, which was discussed previously. Therefore, an indi-
vidual has two copies of this gene, which may or may not be
identical alleles.

Most cells of the human body that are not directly involved
in sexual reproduction contain 46 chromosomes. These cells are
called somatic cells. In contrast, the gametes—sperm and egg
cells—contain half that number (23) and are termed haploid
(Figure 1.10b). The union of gametes during fertilization re-
stores the diploid number of chromosomes. The primary advan-
tage of sexual reproduction is that it enhances genetic variation.
For example, a tall person with blue eyes and a short person with
brown eyes may have short offspring with blue eyes or tall off-
spring with brown eyes. Therefore, sexual reproduction can re-
sult in new combinations of two or more traits that differ from
those of either parent.

The Genetic Composition of a Species Evolves over
the Course of Many Generations

As we have just seen, sexual reproduction has the potential to
enhance genetic variation. This can be an advantage for a popu-
lation of individuals as they struggle to survive and compete
within their natural environment. The term biological evolu-
tion, or simply, evolution, refers to the phenomenon that the
genetic makeup of a population changes from one generation to
the next.

As suggested by Charles Darwin, the members of a species
are in competition with one another for essential resources.
Random genetic changes (i.e., mutations) occasionally occur
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FIGURE 1.10 The complement of human chromosomes in somatic cells and gametes. (a) A schematic drawing of the 46 chromosomes
of a human. With the exception of the sex chromosomes, these are always found in homologous pairs. (b) The chromosomal composition of a gamete,
which contains only 23 chromosomes, one from each pair. This gamete contains an X chromosome. Half of the gametes from human males contain a

Y chromosome instead of the X chromosome.

CONCEPT CHECK: The leaf cells of a corn plant contain 20 chromosomes each. How many chromosomes are found in a gamete made by a corn plant?

within an individual’s genes, and sometimes these changes lead to
a modification of traits that promote reproductive success. For
example, over the course of many generations, random gene muta-
tions have lengthened the snout and extended the tongue of the
anteater, enabling it to probe into the ground and feed on ants.
When a mutation creates a new allele that is beneficial, the allele
may become prevalent in future generations because the individu-
als carrying the allele are more likely to reproduce and pass the
beneficial allele to their offspring. This process is known as
natural selection. In this way, a species becomes better adapted to
its environment.

Over a long period of time, the accumulation of many
genetic changes may lead to rather striking modifications in a
species’ characteristics. As an example, Figure 1.11 depicts
the evolution of the modern-day horse. Over time, a variety of
morphological changes occurred, including an increase in
size, fewer toes, and modified jaw structure. The changes can
be attributed to natural selection. Over North America, where
much of horse evolution occurred, large areas of dense forests
were replaced with grasslands. The increase in size and
changes in foot structure enabled horses to escape predators
more easily and travel greater distances in search of food.
Natural selection favored the changes seen in horses’ teeth,
because such changes allowed them to eat grasses and other
types of vegetation that are more abrasive and require more
chewing.

1.2 COMPREHENSION QUESTIONS

1. Gene expression can be viewed at which of the following levels?
a. Molecular and cellular levels
b. Organism level
¢. Population level
d. All of the above
2. Variation in the traits of organisms may be attributable to
a. gene mutations.
b. alterations in chromosome structure.
c. variation in chromosome number.
d. all of the above.
3. Ahuman skin cell has 46 chromosomes. A human sperm cell has
a. 23.
b. 46.
c. 92.
d. none of the above.
4. Evolutionary change caused by natural selection results in
species with
a. greater complexity.
b. less complexity.
c. greater reproductive success in their native environment.
d. the ability to survive longer.
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FIGURE 1.11 The evolutionary changes that led to the modern horse genus, Equus. Three important morphological changes that occurred
were larger size, fewer toes, and a shift toward a jaw structure suited for grazing.

CONCEPT CHECK: According to the theory of evolution, why have these changes occurred in horse populations over the course of many generations?

1.3 FIELDS OF GENETICS

Learning Outcome:

1. Compare and contrast the three major fields of genetics:
transmission, molecular, and population genetics.

Genetics is a broad discipline encompassing molecular, cellular,
organism, and population biology. Many scientists who are inter-
ested in genetics have been trained in supporting disciplines such

as biochemistry, biophysics, cell biology, mathematics, microbiol-
ogy, population biology, ecology, agriculture, and medicine.
Experimentally, geneticists often focus their efforts on model
organisms—organisms studied by many different researchers so
they can compare their results and determine scientific principles
that apply more broadly to other species. Figure 1.12 shows some
common examples, including Escherichia coli (a bacterium), Sac-
charomyces cerevisiae (a yeast), Drosophila melanogaster (fruit
fly), Caenorhabditis elegans (a nematode worm), Mus musculus
(mouse), and Arabidopsis thaliana (a flowering plant). Model
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(d) Caenorhabditis elegans (e) Mus musculus

(b) Saccharomyces cerevisiae

(f) Arabidopsis thaliana

FIGURE 1.12 Examples of model organisms studied by geneticists. (a) Escherichia coli (a bacterium), (b) Saccharomyces cerevisiae (a yeast),
(¢) Drosophila melanogaster (fruit fly), (d) Caenorhabditis elegans (a nematode worm), (€) Mus musculus (mouse), and (f) Arabidopsis thaliana

(a flowering plant).

(a): Peggy S. Hayes & Elizabeth H. White, M.S./CDC; (b): © SCIMAT/Science Source; (c): © Steve Hopkin/ardea.com; (d): © Sinclair Stammers/Science Source; (e): © J-M. Labat/Science

Source; (f): © WILDLIFE GmbH/Alamy
CONCEPT CHECK: Can you think of another example of a model organism?

organisms offer experimental advantages over other species. For
example, E. coli is a very simple organism that can be easily grown
in the laboratory. By limiting their work to a few such model or-
ganisms, researchers can more easily unravel the genetic mecha-
nisms that govern the traits of a given species. Furthermore, the
genes found in model organisms often function in a similar way to
those found in humans.

The study of genetics has been traditionally divided into
three areas—transmission, molecular, and population genetics—
although overlap is found among them. In this section, we will
examine the three fields of genetics.

Transmission Genetics Explores the Inheritance
Patterns of Traits as They Are Passed from Parents
to Offspring

A scientist working in the field of transmission genetics examines
the relationship between the transmission of genes from parent to
offspring and the outcome of the offspring’s traits. For example,
how can two brown-eyed parents produce a blue-eyed child? Or
why do tall parents tend to produce tall children, but not always?
Our modern understanding of transmission genetics began with
the studies of Gregor Mendel. His work provided the conceptual
framework for transmission genetics. In particular, he originated
the idea that factors, which we now call genes, are passed as dis-
crete units from parents to offspring via sperm and egg cells. Since

Mendel’s pioneering studies in the 1860s, our knowledge of ge-
netic transmission has skyrocketed. Many patterns of genetic
transmission are more complex than the simple Mendelian pat-
terns that are described in Chapter 2. The additional complexities
of transmission genetics are examined in Chapters 3 through 8.

Experimentally, the fundamental approach of a transmission
geneticist is the genetic cross—the breeding of two selected indi-
viduals and the subsequent analysis of their offspring in an attempt
to understand how traits are passed from parents to offspring. In
the case of experimental organisms, the researcher chooses two
parents with particular traits and then categorizes the offspring
according to the traits they possess. In many cases, this analysis is
quantitative in nature. For example, an experimenter may cross
two tall pea plants and obtain 100 offspring that fall into two cat-
egories: 75 tall and 25 dwarf. As we will see in Chapter 2, the ratio
of tall to dwarf offspring provides important information concern-
ing the inheritance pattern of the height trait.

Molecular Genetics Focuses on a Biochemical
Understanding of the Hereditary Material

The goal of molecular genetics, as the name of the field implies, is
to understand how the genetic material works at the molecular
level. In other words, molecular geneticists want to understand
the molecular features of DNA and how these features underlie the
expression of genes. The experiments of molecular geneticists are



usually conducted within the confines of a laboratory. Their ef-
forts frequently progress to a detailed analysis of DNA, RNA, and
proteins, using a variety of techniques that are described through-
out Parts III, IV, and V of this textbook.

Molecular geneticists often study mutant genes that have
abnormal function. This is called a genetic approach to the
study of a research question. In many cases, researchers analyze
the effects of gene mutations that eliminate the function of a
gene. This is called a loss-of-function mutation, and the result-
ing version of the gene is called a loss-of-function allele. By
studying the effects of such mutations, the role of the functional,
nonmutant gene is often revealed. For example, let’s suppose
that a particular plant species produces purple flowers. If a loss-
of-function mutation within a given gene causes a plant of that
species to produce white flowers, one would suspect that the
role of the functional gene involves the production of purple
pigmentation.

Studies within molecular genetics interface with other
disciplines such as biochemistry, biophysics, and cell biology. In
addition, advances within molecular genetics have shed consider-
able light on the areas of transmission and population genetics. Our
quest to understand molecular genetics has spawned a variety of
modern molecular technologies and computer-based approaches.
Furthermore, discoveries within molecular genetics have had wide-
spread applications in agriculture, medicine, and biotechnology.

Population Genetics Is Concerned with Genetic
Variation and Its Role in Evolution

The foundations of population genetics arose during the first few
decades of the twentieth century. Although many scientists of this
era did not accept the findings of Mendel or Darwin, the theories
of population genetics provided a compelling way to connect the
two viewpoints. Mendel’s work and that of many succeeding ge-
neticists gave insight into the nature of genes and how they are
transmitted from parents to offspring. The work of Darwin pro-
vided a natural explanation for the variation in characteristics ob-
served among the members of a species. To relate these two
phenomena, population geneticists have developed mathematical
theories to explain the prevalence of certain alleles within popula-
tions of individuals. This work helps us understand how processes
such as natural selection have resulted in the prevalence of indi-
viduals that carry particular alleles.

Population geneticists are particularly interested in genetic
variation and how that variation is related to an organism’s envi-
ronment. In this field, the frequencies of alleles within a popula-
tion are of central importance.

1.3 COMPREHENSION QUESTIONS

1. Which of the following is not a model organism?
a. Mus musculus (laboratory mouse)

b. Escherichia coli (a bacterium)
c. Saccharomyces cerevisiae (a yeast)
d. Sciurus carolinensis (gray squirrel)
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2. Aperson studying the rate of transcription of a particular gene is
working in the field of
a. molecular genetics.

b. transmission genetics.
c. population genetics.
d. None of the above are correct.

1.4 THE SCIENCE OF GENETICS

Learning Outcomes:

1. Discuss how genetics is an experimental science.
2. Outline different strategies for solving problems in genetics.

Science is a way of knowing about our natural world. The science
of genetics allows us to understand how the expression of our
genes produces the traits that we possess. In this section, we will
consider how scientists attempt to answer questions via experi-
mentation. We will also consider general approaches for solving
problems.

Genetics Is an Experimental Science

Researchers typically follow two general types of scientific ap-
proaches: hypothesis testing and discovery-based science. In
hypothesis testing, also called the scientific method, scientists
follow a series of steps to reach verifiable conclusions about the
world. Although scientists arrive at their theories in different
ways, the scientific method provides a way to validate (or invali-
date) a particular hypothesis. Alternatively, research may also in-
volve the collection of data without a preconceived hypothesis.
For example, researchers might analyze the genes found in cancer
cells to identify those that have become mutant. In this case, the
scientists may not have a hypothesis about which particular genes
may be involved. The collection and analysis of data without the
need for a preconceived hypothesis is called discovery-based
science or, simply, discovery science.

In traditional science textbooks, the emphasis often lies on
the product of science. That is, many textbooks are aimed primar-
ily at teaching the student about the observations scientists have
made and the hypotheses they have proposed to explain those ob-
servations. Along the way, the student is provided with many bits
and pieces of experimental techniques and data. Likewise, this
textbook also provides you with many observations and hypothe-
ses. However, it attempts to go one step further. Most chapters
contain one or two experiments that have been “dissected” into
five individual components to help you to understand the entire
scientific process:

1. Background information is provided so that you can appre-
ciate earlier observations that were known prior to conduct-
ing the experiment.

2. Most experiments involve hypothesis testing. In those
cases, the figure presenting the experiment states the
hypothesis the scientists were trying to test. In other
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words, what scientific question was the researcher trying
to answer?

3. Next, the figure follows the experimental steps the scientist
took to test the hypothesis. Each featured experiment con-
tains two parallel illustrations labeled Experimental Level
and Conceptual Level. The Experimental Level helps you
to understand the techniques followed. The Conceptual
Level helps you to understand what is actually happening
at each step in the procedure.

4. The raw data for each experiment are then presented.

5. Last, an interpretation of the data is offered within the text.

The rationale behind this approach is that it enables you to see the
experimental process from beginning to end. As you read through
the chapters, the experiments will help you to see the relationship
between science and scientific theories.

As a student of genetics, you will be given the opportunity
to involve your mind in the experimental process. As you are read-
ing an experiment, you may find yourself thinking about different
approaches and alternative hypotheses. Different people can view
the same data and arrive at very different conclusions. As you
progress through the experiments in this book, you will enjoy
genetics far more if you try to develop your own skills at formulat-
ing hypotheses, designing experiments, and interpreting data.
Also, some of the questions in the problem sets are aimed at refin-
ing these skills.

Finally, it is worthwhile to point out that science is a social
discipline. As you develop your skills at scrutinizing experiments,
it is fun to discuss your ideas with other people, including fellow
students and faculty members. Keep in mind that you do not need
to “know all the answers” before you enter into a scientific discus-
sion. Instead, it is more rewarding to view science as an ongoing
and never-ending dialogue.

Genetic TIPS Will Help You to Improve Your
Problem-Solving Skills

As your progress through this textbook, your learning will involve
two general goals:

* You will gather foundational knowledge. In other words,
you will be able to describe core concepts in genetics. For
example, you will be able to explain how DNA replication
occurs and describe the proteins that are involved in this
process.

* You will develop problem-solving skills that allow you
to apply that foundational knowledge in different ways.
For example, you will learn how to use statistics to de-
termine if a genetic hypothesis is consistent with experi-
mental data.

The combination of foundational knowledge and problem-solving
skills will enable you not only to understand genetics, but also to
apply your knowledge in different situations. To help you develop
these skills, Chapters 2 through 29 contain solved problems
named Genetic TIPS, which stands for Topic, Information, and
Problem-solving Strategy. These solved problems follow a con-
sistent pattern.

GENETIC TIPS THE QUESTION: All of the Genetic TIPS

begin with a question. As an example, let’s consider the following
question:

The coding strand of DNA in a segment of a gene is as follows:
ATG GGC CTT AGC. This strand carries the information to make a
region of a polypeptide with the amino acid sequence, methionine-
glycine-leucine-serine. What would be the consequences if a mutation
changed the second cytosine (C) in this sequence to an adenine (A)?

OOPIC: What topic in genetics does this question address? The
topic is gene expression. More specifically, the question is about
the relationship between a gene sequence and the genetic code.

oNFORMATION: What information do you know based on the
question and your understanding of the topic? In the question,
you are given the base sequence of a short segment of a gene and
told that one of the bases has been changed. From your understanding
of the topic, you may remember that a polypeptide sequence is
determined by reading the mRNA (transcribed from a gene) in
groups of three bases called codons.

GROBLEM-SOLVING TRATEGY: Compare and contrast.
One strategy to solve this problem is to compare the mRNA
sequence (transcribed from this gene) before and after the mutation:

Original: AUG GGC CUU AGC

Mutant:  AUG GGC AUU AGC

ANSWER: The mutation has changed the sequence of bases in the
mRNA so that the third codon has changed from CUU to AUU.
Because codons specify amino acids, this may change the third
amino acid to something else. Note: If you look ahead to Chapter 13
(see Table 13.1), you will see that CUU specifies leucine, whereas
AUU specifies isoleucine. Therefore, you would predict that the mu-
tation would change the third amino acid from leucine to isoleucine.

Throughout Chapters 2 through 29, each chapter will contain sev-
eral Genetic TIPS. Some of these will be within the chapter itself
and some will precede the problem sets that are at the end of each
chapter. Though there are many different problem-solving strate-
gies, Genetic TIPS will focus on ten strategies that will help you to
solve problems. You will see these ten strategies over and over
again as you progress through the textbook:

1. Define key terms. In some cases, a question may be difficult
to understand because you don’t know the meaning of one or
more key terms in the question. If so, you will need to begin
your problem-solving by defining such terms, either by look-
ing them up in the glossary or by using the index to find the
location in the text where the key terms are explained.

2. Make a drawing. Genetic problems are oftentimes difficult
to solve in your head. Making a drawing may make a big
difference in your ability to see the solution.

3. Predict the outcome. Geneticists may want to predict the out-
come of an experiment. For example, in Chapters 3 through 6,
you will learn about different ways to predict the outcome of
genetic crosses. Becoming familiar with these methods will
help you to predict the outcomes of particular experiments.



4. Compare and contrast. Making a direct comparison
between two genetic subjects, such as two RNA sequences,
may help you to understand how they are similar and how
they are different.

5. Relate structure and function. A recurring theme in biology
and genetics is that structure determines function. This re-
lationship holds true at many levels of biology, including
the molecular, microscopic, and macroscopic levels. For
some questions, you will need to understand how certain
structural features are related to their biological functions.

6. Describe the steps. At first, some questions may be diffi-
cult to understand because they may involve mechanisms
that occur in a series of several steps. Sometimes, if you
sort out the steps, you may identify the key step that you
need to understand to solve the problem.

7. Propose a hypothesis. A hypothesis is an attempt to explain an
observation or data. Hypotheses may be made in many forms,
including statements, models, equations, and diagrams.

8. Design an experiment. Experimental design lies at the
heart of science. In many cases, an experiment begins with
some type of starting material(s), such as strains of organ-
isms or purified molecules, and then the starting materials
are subjected to a series of steps. The Feature Experiments
throughout the textbook will also help you refine the skill
of designing experiments.
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9. Analyze data. The results from an experiment produce
data that can be analyzed in order to accept or reject a
hypothesis. Many of the Genetic TIPS give you practice at
analyzing data. For example, a variety of different statisti-
cal methods are used to analyze data and make conclusions
about what the data mean.

10. Make a calculation. Genetics is a quantitative science.
Researchers have devised mathematical relationships to un-
derstand and predict genetic phenomena. Becoming familiar
with these mathematical relationships will help you to better
understand genetic concepts and to make predictions.

In most problems throughout this textbook, one or more of these
strategies may help you to arrive at the correct solution. Genetic
TIPS will provide you with practice at applying these ten problem-
solving strategies.

1.4 COMPREHENSION QUESTION

1. The scientific method involves which of the following?
a. The collection of observations and the formulation of a
hypothesis
b. Experimentation
c. Data analysis and interpretation
d. All of the above

KEY TERMS

Introduction: genome

1.1: genetics, gene, traits, nucleic acids, proteins, carbohydrates,
lipids, macromolecules, proteome, enzymes, deoxyribonucleic
acid (DNA), nucleotides, polypeptides, genetic code, amino
acid, chromosomes, karyotype, gene expression, transcription,
ribonucleic acid (RNA), protein-encoding genes, structural
genes, messenger RNA (mRNA), translation, central dogma
of genetics

1.2: morphological traits, physiological traits, behavioral traits,
molecular level, cellular level, organism level, species, population
level, alleles, genetic variation, morphs, gene mutations, environ-
ment, phenylketonuria (PKU), diploid, homologs, somatic cells,
gametes, haploid, biological evolution, evolution, natural selection

1.3: model organisms, genetic cross, genetic approach, loss-of-
function mutation, loss-of-function allele, hypothesis testing

1.4: scientific method, discovery-based science

CHAPTER SUMMARY

* The complete genetic composition of a cell or organism is
called a genome. The genome encodes all of the proteins
a cell or organism can make. Many key discoveries in
genetics are related to the study of genes and genomes (see
Figures 1.1, 1.2, 1.3).

1.1 The Molecular Expression of Genes

e Living cells are composed of nucleic acids (DNA and RNA),
proteins, carbohydrates, and lipids. The proteome largely deter-
mines the structure and function of cells (see Figure 1.4).

e DNA, which is found within chromosomes, stores the informa-
tion to make proteins (see Figure 1.5).

e Most genes encode polypeptides that are units within func-
tional proteins. Gene expression at the molecular level involves

transcription to produce mRNA and translation to produce a
polypeptide (see Figure 1.6).

1.2 The Relationship Between Genes and Traits

e Genetics, which governs an organism’s traits, spans the molecu-
lar, cellular, organism, and population levels (see Figure 1.7).

¢ Genetic variation underlies variation in traits. In addition, the
environment plays a key role (see Figures 1.8, 1.9).

e During reproduction, genetic material is passed from parents to
offspring. In many species, somatic cells are diploid and have
two sets of chromosomes, whereas gametes are haploid and
have a single set (see Figure 1.10).

e Evolution refers to a change in the genetic composition of a
population from one generation to the next (see Figure 1.11).
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1.3 Fields of Genetics

e Genetics is traditionally divided into transmission genetics,
molecular genetics, and population genetics, though overlap
occurs among these fields. Many geneticists study model or-
ganisms (see Figure 1.12).

1.4 The Science of Genetics

Researchers in genetics carry out hypothesis testing or discovery-
based science.
Genetic TIPS are aimed at improving your ability to solve
problems.

PROBLEM SETS & INSIGHTS

MORE GENETIC TIPS 1. A human gene called the

CFTR gene (for cystic fibrosis transmembrane regulator) encodes a
protein that functions in the transport of chloride ions across the cell
membrane. Most people have two copies of a functional CFTR gene
and do not have cystic fibrosis. However, a mutant version of the CFTR
gene is found in some people. If a person has two mutant copies of
the gene, he or she develops the disease known as cystic fibrosis. Are
the following descriptions of this disease related to genetics at the
molecular, cellular, organism, or population level?

A. People with cystic fibrosis have lung problems due to a buildup
of thick mucus in their lungs.

B. The mutant CFTR gene encodes a defective chloride transporter.

C. A defect in the chloride transporter causes a salt imbalance in
lung cells.

D. Scientists have wondered why the mutant CFTR gene is relatively
common. In fact, it is the most common mutant gene that causes
a severe disease in persons of Northern European descent. One
possible explanation why cystic fibrosis is so common is that
people who have one copy of the functional CFTR gene and one
copy of the mutant gene may be more resistant to diarrheal dis-
eases such as cholera. Therefore, even though individuals with
two mutant copies are very sick, people with one mutant copy
and one functional copy might have a survival advantage over
people with two functional copies of the gene.

OPIC: What topic in genetics does this question address? The
topic is how genetics can be viewed at different levels, ranging
from the molecular to the population level.

o NFORMATION: What information do you know based on the

question and your understanding of the topic? The question
describes the disease called cystic fibrosis. Parts A through D
give descriptions of various aspects of the disease. From your
understanding of the topic, you may remember that genetics can
be viewed at the molecular, cellular, organism, and population
level. This concept is described in Figure 1.7.

0 ROBLEM-SOLVING e TRATEGY: Make a drawing. Compare

and contrast. One strategy to solve this problem is to make a
drawing of what is described in each of parts A through D and
decide if you are drawing something at the molecular, cellular,
organism, or population levels. For example, if you drew the
description in part B, you would be drawing a protein, which is a
molecule. If you drew the description of part C, you would be
drawing a cell and indicating that a salt imbalance occurs. Another
strategy to solve this problem would be to compare and contrast

parts A, B, C, and D with each other. For example, if you compared
part A and part D, you might realize that part A is describing some-
thing in one person, whereas part D is describing the occurrence
of the mutant gene in multiple people.

ANSWER:

A. Organism. This is a description of a trait at the level of an entire
individual.

B. Molecular. This is a description of a gene and the protein it encodes.

C. Cellular. This is a description of how protein function affects
the cell.

D. Population. This is a possible explanation why two alleles of the
gene occur within a population.

2. Most genes encode proteins. Explain how proteins produce an
organism’s traits. Provide examples.

oOPIC: What topic in genetics does this question address? The
topic is the relationship between genes and traits. More specifically,
the question is about how proteins, which are encoded by genes,
produce an organism’s traits.

oNFORMATION: What information do you know based on the
question and your understanding of the topic? In the question,
you are reminded that most genes encode proteins and that proteins
play a role in producing an organism’s traits. From your understanding
of the topic, you may remember that proteins carry out a variety
of functions that contribute to cell structure and function.

(DrosLEm-soLvinG () TRATEGY: Relate structure and
function. One strategy you can use to solve this problem is to
consider the relationship between protein structure and function.
Think about examples in which the structure and function of proteins
govern the structure and function of living cells. Also, consider how
the structures and functions of cells determine an organism’s traits.

ANSWER: The structure and function of proteins govern the structure
and function of living cells. For example, specific proteins help deter-
mine the shape and structure of a given cell. The protein known as
tubulin can assemble into large structures known as microtubules,
which provide the cell with internal structure and organization. The
proteins that a cell makes are largely responsible for the cell’s structure
and function. For example, the proteins made by a nerve cell cause the
cell to be very elongated and to be able to transmit signals to and from
other cells. The structure of a nerve cell provides animals with many
traits, such as the ability to sense the temperature of their environment
and the ability to send signals to their muscles to promote movement.
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Conceptual Questions

Cl.

C2.
C3.

C4.
Cs.

Co.

C7.

Pick any example of a genetic technology and describe how it has
directly affected your life.

At the molecular level, what is a gene? Where are genes located?

Most genes encode proteins. Explain how the structure and func-
tion of proteins produce an organism’s traits.

Briefly explain how gene expression occurs at the molecular level.

A human gene called the pB-globin gene encodes a polypeptide
that functions as a subunit of the protein known as hemoglobin.
Hemoglobin is found within red blood cells; it carries oxygen. In
human populations, the B-globin gene can be found as the com-
mon allele called the Hb” allele, and it can also be found as the
Hb* allele. Individuals who have two copies of the Hb® allele have
the disease called sickle cell disease. Are the following examples
descriptions of genetics at the molecular, cellular, organism, or
population level?

A. The Hb® allele encodes a polypeptide that functions slightly
differently from the polypeptide encoded by the Hb" allele.

B. If an individual has two copies of the Hb® allele, that person’s
red blood cells take on a sickle shape.

C. Individuals who have two copies of the Hb" allele do not
have sickle cell disease, but they are not resistant to malaria.
People who have one Hb" allele and one Hb® allele do not have
sickle cell disease, and they are resistant to malaria. People who
have two copies of the Hb® allele have sickle cell disease, and
this disease may significantly shorten their lives.

D. Individuals with sickle cell disease have anemia because their
red blood cells are easily destroyed by the body.

What is meant by the term genetic variation? Give two examples
of genetic variation not discussed in Chapter 1. What causes
genetic variation at the molecular level?

What is the cause of Down syndrome?

C8.

Co.

C10.
CI11.
Cl12.

C13.

Cl4.

Your textbook describes how the detrimental symptoms associated
with the disease phenylketonuria (PKU) are caused by a faulty gene.
Even so, a change in diet can prevent these symptoms. Pick a trait
in your favorite plant and explain how genetics and the environment
may play important roles.

What is meant by the term diploid? Which cells of the human
body are diploid, and which cells are not?

What is a DNA sequence?
What is the genetic code?

Explain the relationship between each of the following pairs of
genetic terms:

A. Gene and trait

B. Gene and chromosome

C. Allele and gene

D. DNA sequence and amino acid sequence

With regard to biological evolution, which of the following state-
ments is incorrect? Explain why.

A. During its lifetime, an animal evolves to become better adapted
to its environment.

B. The process of biological evolution has produced species that
are better adapted to their environments.

C. When an animal is better adapted to its environment, the pro-
cess of natural selection makes it more likely that the animal
will reproduce.

What are the primary interests of researchers working in the fol-
lowing fields of genetics?

A. Transmission genetics
B. Molecular genetics

C. Population genetics

Experimental Questions

El.
E2.

E3.

E4.

What is a genetic cross?

The technique known as DNA sequencing (described in Chapter 21)
enables researchers to determine the DNA sequence of genes. Would
this technique be used primarily by transmission geneticists, mo-
lecular geneticists, or population geneticists?

Figure 1.5 shows a micrograph of chromosomes from a normal
human cell. If you created this kind of image using a cell from a
person with Down syndrome, what would you expect to see?

Many organisms are studied by geneticists. Do you think each of
the following species would be more likely to be studied by a
transmission geneticist, a molecular geneticist, or a population
geneticist? Explain your answer. Note: More than one answer may
be possible for a given species.

A. Dogs

B. E. coli

C. Fruit flies
D. Leopards
E. Corn

ES.

Note:

Pick any trait you like in any species of wild plant or animal. The
trait must somehow vary among different members of the species
(see Figure 1.7). Note: When picking a trait to answer this ques-
tion, do not pick the trait of wing color in butterflies.

A. Discuss all of the background information that you already
have (from personal observations) regarding this trait.

B. Propose a hypothesis that would explain the genetic variation
within the species. For example, in the case of the butterflies,
your hypothesis might be that the dark butterflies survive better
in dark forests and the light butterflies survive better in sunlit
fields.

C. Describe the experimental steps you would follow to test your
hypothesis.

D. Describe the possible data you might collect.
E. Interpret your data.

All answers appear in Connect; the answers to the even-numbered

questions and all of the Concept Check and Comprehension Questions
are in Appendix B.
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MENDELIAN INHERITANCE

An appreciation for the concept of heredity can be traced far back
in human history. Hippocrates, a Greek physician, was the first
person to provide an explanation for hereditary traits (around 400
B.C.E.). He suggested that “seeds” are produced by all parts of the
body, which are then collected and transmitted to the offspring at
the time of conception. Furthermore, he hypothesized that these
seeds cause certain traits of the offspring to resemble those of the
parents. This idea, known as pangenesis, was the first attempt to
explain the transmission of hereditary traits from generation
to generation.

The first systematic studies of genetic crosses were carried
out by German botanist Joseph Kolreuter from 1761 to 1766. In
crosses between different strains of tobacco plants, he found that
the offspring were usually intermediate in appearance between
the two parents. This led Kolreuter to conclude that both parents
make equal genetic contributions to their offspring. Further-
more, his observations were consistent with the blending
hypothesis of inheritance. According to this idea, the factors that
dictate hereditary traits could blend together from generation to
generation. The blended traits would then be passed to the next
generation. The popular view before the 1860s, which combined
the notions of pangenesis and blending inheritance, was that

18

hereditary traits were rather malleable and could change and
blend over the course of one or two generations. However, the
pioneering work of Gregor Mendel would prove instrumental in
refuting this viewpoint.

In this chapter, we will first examine the outcome of Men-
del’s crosses in pea plants. We begin our inquiry into genetics here
because the inheritance patterns observed in peas are fundamen-
tally related to inheritance patterns found in other eukaryotic spe-
cies, such as corn, fruit flies, mice, and humans. We will discover
how Mendel’s insights into the patterns of inheritance in pea
plants revealed some simple rules that govern the process of in-
heritance. In Chapters 3 through 8, we will explore more complex
patterns of inheritance and also consider the role that chromo-
somes play as the carriers of the genetic material.

In the last section of this chapter, we will examine some
general concepts in probability and statistics. How are statistical
methods useful? First, probability calculations allow us to pre-
dict the outcomes of simple genetic crosses, as well as the out-
comes of more complicated crosses described in later chapters.
In addition, we will learn how to use statistics to test the validity
of genetic hypotheses that attempt to explain the inheritance
patterns of traits.



2.1 MENDEL’S STUDY OF PEA

PLANTS

Learning Outcomes:

1. Describe the characteristics of pea plants that make them a
suitable organism to study genetically.

2. Outline the steps that Mendel followed to make crosses
between different strains of pea plants.

3. List the seven characteristics of pea plants that Mendel
chose to study.

Gregor Johann Mendel, born in 1822, is now remembered as a
pioneer of genetics (Figure 2.1). He grew up on a small farm in
Hyncice (formerly Heinzendorf) in northern Moravia, which was
then a part of Austria and is now a part of the Czech Republic.
Instead of becoming a farmer, however, Mendel was accepted into
the Augustinian monastery of St. Thomas, completed his studies
for the priesthood, and was ordained in 1847. Soon after becoming
a priest, Mendel worked for a short time as a substitute teacher. To
continue that role, he needed to obtain a teaching license from the
government. Surprisingly, he failed the licensing exam due to poor
answers in the areas of physics and natural history. Therefore,
Mendel then enrolled at the University of Vienna to expand his
knowledge in these two areas. Mendel’s training in physics and
mathematics taught him to perceive the world as an orderly place,
governed by natural laws. In his studies, Mendel learned that these
natural laws could be stated as simple mathematical relationships.

In 1856, Mendel began his historic studies on pea plants.
For 8 years, he grew and crossed thousands of pea plants in a small
23- by 115-foot garden. He kept meticulously accurate records
that included quantitative data concerning the outcomes of his
crosses. He published his work, entitled Experiments on Plant
Hybrids, in 1866. This paper was largely ignored by scientists at
that time, possibly because of its title, which did not reveal the key
observations he made. Another reason his work went unrecog-
nized could be tied to a lack of understanding of chromosomes and
their transmission, a topic we will discuss in Chapter 3. Neverthe-
less, Mendel’s ground-breaking work allowed him to propose the
natural laws that now provide a framework for our understanding
of genetics.

Prior to his death in 1884, Mendel reflected, “My scientific
work has brought me a great deal of satisfaction and I am con-
vinced that it will be appreciated before long by the whole world.”
Sixteen years later, in 1900, the work of Mendel was indepen-
dently rediscovered by three biologists with an interest in plant
genetics: Hugo de Vries of Holland, Carl Correns of Germany, and
Erich von Tschermak of Austria. Within a few years, the influence
of Mendel’s studies was felt around the world. In this section, we
will examine Mendel’s experimental approach.

Mendel Chose Pea Plants as His
Experimental Organism

Mendel’s study of genetics grew out of his interest in ornamental
flowers. Prior to his work with pea plants, many plant breeders
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FIGURE 2.1 Gregor Johann Mendel.

© SPL/Science Source

had conducted experiments aimed at obtaining flowers with new
varieties of colors. When two distinct individuals with different
characteristics are bred to each other, this is called a cross, or a
hybridization experiment, and the offspring are referred to as
hybrids. For example, a hybridization experiment could involve a
cross between a purple-flowered plant and a white-flowered plant.
Mendel was particularly intrigued by the consistency with which
offspring of subsequent generations showed characteristics of one
or the other parent. His educational training in physics and the
natural sciences led him to consider that this regularity might be
rooted in natural laws that could be expressed mathematically. To
uncover these laws, he realized that he needed to carry out quanti-
tative experiments in which the numbers of offspring carrying
certain traits were carefully recorded and analyzed.

Mendel chose the garden pea, Pisum sativum, to investigate
the natural laws that govern plant hybrids. The reproductive fea-
tures of this plant are shown in Figure 2.2a and 2.2c. Several
properties of this species were particularly advantageous for
studying plant hybridization. First, the species was available in
several varieties, which varied in height and in the appearance of
their flowers, seeds, and pods.

A second important issue is the ease of making crosses.
The term gamete is used to describe haploid reproductive cells
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FIGURE 2.2 Flower structure and pollination in pea plants. (a) The pea flower produces both pollen and egg cells. The pollen grains are
produced within the anthers, and the egg cells are produced within the ovules that are contained within the ovary. The keel is two modified petals that are
fused and enclose the anthers and ovaries. In this drawing, some of the keel is not shown so the internal reproductive structures of the flower can be seen.
(b) Photograph of a flowering pea plant. (¢) A pollen grain must first land on the stigma. After this occurs, the pollen grain sends out a long tube through
which two sperm cells travel toward an ovule to reach an egg cell. The fusion between a sperm and an egg cell results in fertilization and creates a
zygote. The second sperm fuses with a central cell containing two polar nuclei to create the endosperm. The endosperm provides nutritive material
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(a) Structure of a pea flower

(b) A flowering pea plant

for the developing embryo.
(b): © Nigel Cattlin/Science Source

CONCEPT CHECK: Prior to fertilization, where is the male gamete located?

that fuse to form a zygote. In flowering plants, reproduction
occurs by a pollination event (Figure 2.2¢). Male gametes
(sperm) are produced within pollen grains that form in the
anthers, and the female gametes (eggs) are produced within
ovules that form in the ovaries. For fertilization to occur, a pol-

Pollen ———
grain |

Pollen
tube

Two sperm (each 1n)

Style

Ovary

Central Ovule (containing
cell with embryo sac)

2 polar Egg (1n)

nuclei

(each 1n) Micropyle

Pollen tube grows into
micropyle.

One sperm unites with the
egg, and the other sperm
unites with the 2 polar
nuclei.

nucleus (3n)

Zygote (2n)

(c) Pollination and fertilization in angiosperms

len grain lands on the stigma, which stimulates the growth of a
pollen tube. This enables sperm cells to enter the stigma and
migrate toward an ovule. Fertilization takes place when a sperm
enters the micropyle, an opening in the ovule wall, and fuses
with an egg cell.



In some experiments, Mendel wanted to carry out self-
fertilization, which means that the pollen and eggs are derived from
the same plant. In peas, two modified petals are fused to form a keel
that encloses the reproductive structures of a flower. Because of this
covering, pea plants naturally reproduce by self-fertilization. Usu-
ally, pollination occurs even before the flower opens.

In other experiments, however, Mendel wanted to make
crosses between different plants. How did he accomplish this
goal? Fortunately, pea plants contain relatively large flowers
that are easy to manipulate, making it possible to cross two par-
ticular plants and study the outcomes. This process, known as
cross-fertilization, requires that the pollen from one plant be
placed on the stigma of another plant. This procedure is shown
in Figure 2.3. Mendel was able to pry open immature flowers
and remove the anthers before they produced pollen. Therefore,
these flowers could not self-fertilize. He then obtained pollen
from another plant by gently touching its mature anthers with a
paintbrush. Mendel applied this pollen to the stigma of the

White

Remove anthers
from purple flower.

\
Antrm
Transfer pollen

from anthers of
white flower to

Parental ; the stigma of a

generation Purple purple flower.
Cross-pollinated flower
produces seeds.

First-

generation

offspring

FIGURE 2.3 How Mendel cross-fertilized pea plants. This
illustration depicts a cross between one plant with purple flowers
and another with white flowers. The offspring from this cross are
the result of pollination of the purple flower using pollen from a

white flower.

CONCEPT CHECK: In this experiment, which plant, the white- or purple-

flowered one, is providing the egg cells, and which is providing the
sperm cells?
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flower that already had its anthers removed. In this way, he was
able to cross-fertilize his pea plants, thereby obtaining any type
of hybrid he wanted.

Mendel Studied Seven Characteristics
That Bred True

When he initiated his studies, Mendel obtained several varieties of
peas that were considered to be distinct. These plants had many
different morphological characteristics. The general characteris-
tics of an organism are called characters. The term trait or
variant is typically used to describe the specific properties of a
character. For example, eye color is a character of humans and
blue eye color is the trait (or variant) found in some people.

Over the course of 2 years, Mendel tested his pea strains to
determine if their characteristics bred true. Breeding true means
that a trait does not vary in appearance from generation to genera-
tion. For example, if the seeds from a pea plant were yellow, the
next generation would also produce yellow seeds. Likewise, if
these offspring were allowed to self-fertilize, all of their offspring
would also produce yellow seeds, and so on. A variety that contin-
ues to produce the same trait after several generations of self-
fertilization is called a true-breeding strain, or true-breeding line.

Mendel next concentrated his efforts on the analysis of char-
acters that were clearly distinguishable between different true-
breeding lines. Figure 2.4 illustrates the seven characters that
Mendel eventually chose to follow in his breeding experiments.
All seven were found in two variants. For example, one character
he followed was height, which was found in two variants: tall and
dwarf plants.

2.1 COMPREHENSION QUESTIONS

1. Experimental advantages of using pea plants include which of
the following?
a. They came in several different varieties.

b. They were capable of self-fertilization.
c. They were easy to cross.
d. All of the above were advantages.

2. The term cross refers to an experiment in which
a. the gametes come from different individuals.

b. the gametes come from a single flower of the same
individual.

c. the gametes come from different flowers of the same
individual.

d. both aand c are true.

3. To avoid self-fertilization in his pea plants, Mendel had to
a. spray the plants with a chemical that damaged the
pollen.

b. remove the anthers from immature flowers.

c. grow the plants in a greenhouse that did not contain
pollinators (e.g., bees).

d. do all of the above.
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CHARACTER VARIANTS
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Height

Flower color

Y

White
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CHARACTER VARIANTS
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Q
Seed color J
Yellow Green
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Seed shape O "-u?
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Pod color G
Green Yellow
Pod shape ‘G @
Smooth Constricted

FIGURE 2.4 Anillustration of the seven characters that Mendel studied. Each character was found as two variants that were decisively

different from each other.

CONCEPT CHECK: What do we mean when we say a strain is true-breeding?

2.2 LAW OF SEGREGATION

Learning Outcomes:

1. Analyze Mendel’s experiments involving single-factor crosses.

2. State Mendel’s law of segregation and explain how it is
related to gamete formation and fertilization.

3. Predict the outcome of single-factor crosses using a Punnett
square.

As discussed in the previous section, Mendel carried out self-
fertilization or cross-fertilization experiments with his pea plants.
In this section, we will examine how he studied the inheritance of
characters by crossing variants to each other. A cross in which an
experimenter observes one character is called a single-factor
cross. A cross between two parents with different variants for a
given character produces single-character hybrids, also known as
monohybrids. As you will learn, this type of experimental ap-
proach led Mendel to propose the law of segregation.

EXPERIMENT 2A

Mendel Followed the Outcome of a Single
Character for Two Generations

Prior to conducting his studies, Mendel did not already have a
hypothesis to explain the formation of hybrids. However, his edu-
cational background caused him to realize that a quantitative anal-
ysis of crosses might uncover mathematical relationships that
would otherwise be mysterious. His experiments were designed to
determine the relationships that govern hereditary traits. This ra-
tionale is called an empirical approach. Laws deduced from an
empirical approach are known as empirical laws.

Mendel’s experimental procedure is shown in Figure 2.5.
He began with true-breeding plants that differed in a single char-
acter. These are termed the parental generation, or P generation.

Crossing true-breeding parents to each other, called a P cross, pro-
duces the offspring that constitute the F; generation, or first filial
generation (from the Latin filius, meaning “son”). As seen in the
data, all plants of the F; generation showed the trait of one parent but
not the other. This prompted Mendel to follow the transmission of
this character for one additional generation. To do so, the plants of
the F, generation were allowed to self-fertilize to produce a second
generation called the F, generation, or second filial generation.

THE GOAL (DISCOVERY-BASED SCIENCE)

Mendel speculated that the inheritance pattern for a single charac-
ter may follow quantitative natural laws. The goal of this experiment
was to uncover such laws.
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ACHIEVING THE GOAL FIGURE 2.5 Mendel’s analysis of single-factor crosses.

Starting material: Mendel began his experiments with true-breeding strains of pea plants that varied in only one of seven different char-

acters (see Figure 2.4).

1.For each of seven characters, Mendel
cross-fertilized two different true-
breeding strains. Keep in mind that
each cross involved two plants that
differed in regard to only one of
the seven characters studied. The
illustration at the right shows one
cross between a tall and dwarf plant.
This is called a P (parental) cross.

2.Collect the F{ generation seeds. The
following spring, plant the seeds and
allow the plants to grow. These are
the plants of the F; generation.

3. Allow the Fy generation plants to self-
fertilize. This produces seeds that are
part of the F, generation.

4.Collect the F, generation seeds and
plant them the following spring to
obtain the F, generation plants.

5.Analyze the traits found
in each generation.

Experimental level

Note: The P
cross produces
seeds that are
part of the Fy
generation.
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l fertilization l
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P plants
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F, plants
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THE DATA

P cross F; generation F, generation Ratio of
traits in
F, generation

Tall X All tall 787 tall,

dwarf height 277 dwarf 2.84:1

Purple x All purple 705 purple,

white flowers 224 white 3.15:1

Axial X All axial 651 axial,

terminal flowers 207 terminal 3.14:1

Yellow X All yellow 6,022 yellow,

green seeds 2,001 green 3.01:1

Round X All round 5,474 round,

wrinkled seeds 1,850 wrinkled  2.96:1

Green X All green 428 green,

yellow pods 152 yellow 2.82:1

Smooth X All smooth 882 smooth,

constricted pods 299 constricted 2.95:1

Total All dominant 14,949 dominant,

5,010 recessive  2.98:1

Source: Data from Mendel, Gregor. 1866 Versuche iiber Plflanzenhybriden.
Verhandlungen des naturforschenden Vereines in Briinn, Bd 1V fiir das Jahr 1865,
Abhandlungen, 3-47.

INTERPRETING THE DATA

The data in the table are the results of producing an F; generation
via cross-fertilization and an F, generation via self-fertilization of
the F, plants. A quantitative analysis of these data allowed Mendel
to propose three important ideas:

1. Mendel’s data argued strongly against a blending mechanism
of heredity. In all seven cases, the F; generation displayed

traits that were distinctly like one of the two parents

rather than traits intermediate in character. His first
proposal was that one variant for a particular character

is dominant over another variant. For example, the variant
of green pods is dominant to that of yellow pods. The term
recessive is used to describe a variant that is masked by the
presence of a dominant trait but reappears in subsequent
generations. Yellow pods and dwarf height are examples

of recessive variants. They can also be referred to as
recessive traits.

2. When a true-breeding plant with a dominant trait was
crossed to a true-breeding plant with a recessive trait, the
dominant trait was always observed in the F; generation. In
the F, generation, most offspring displayed the dominant
trait, but some showed the recessive trait. How did Mendel
explain this observation? Because the recessive trait ap-
peared in the F, generation, he made a second proposal—
the genetic determinants of traits are passed along as
“unit factors” from generation to generation. His data
were consistent with a particulate theory of inheritance,
in which the genetic determinants that govern traits are
inherited as discrete units that remain unchanged as they
are passed from parent to offspring. Mendel referred to
the genetic determinants as unit factors, but we now call
them genes.

3. When Mendel compared the numbers of dominant and
recessive traits in the F, generation, he noticed a recurring
pattern. Within experimental variation, he always observed
approximately a 3:1 ratio between the dominant and the
recessive trait. As described next, this quantitative ap-
proach allowed him to make a third proposal-—genes
segregate from each other during the process that gives
rise to gametes.

Mendel’s 3:1 Ratio Is Consistent
with the Law of Segregation

Mendel’s research was aimed at understanding the laws that gov-
ern the inheritance of traits. At that time, scientists did not under-
stand the molecular composition of the genetic material or its
mode of transmission during gamete formation and fertilization.
We now know that the genetic material is composed of deoxyribo-
nucleic acid (DNA), a component of chromosomes. Each chromo-
some contains hundreds to thousands of shorter segments that
function as genes—a term that was originally coined by the Dan-
ish botanist Wilhelm Johannsen in 1909. A gene is defined as a
unit of heredity that may influence the outcome of an organism’s
traits. Each of the seven pea plant characters that Mendel studied
is influenced by a different gene.

Most eukaryotic species, such as pea plants and humans,
have their genetic material organized into pairs of chromosomes.
For this reason, eukaryotes have two copies of most genes. These
copies may be the same or they may differ. The term allele (from

the Latin alius meaning “other”) refers to an alternative form of a
particular gene. For example, the height gene in pea plants is found
as a tall allele and a dwarf allele. With this modern knowledge, the
results shown in Figure 2.5 are consistent with the idea that each
parent transmits only one copy of each gene (i.e., one allele) to
each offspring. Using modern terminology, Mendel’s law of
segregation states the following:

The two copies of a gene segregate (or separate) from each
other during transmission from parent to offspring.

Therefore, only one copy of each gene is found in a gamete. At
fertilization, two gametes combine randomly, potentially produc-
ing different allelic combinations.

Let’s use Mendel’s cross of tall and dwarf pea plants to
illustrate how alleles are passed from parents to offspring
(Figure 2.6). The letters T and ¢ are used to represent the
alleles of the gene that determines plant height. By convention,
the uppercase letter represents the dominant allele (7 for tall



P generation

Segregation

Gametes @ @

Cross-fertilization

F, generation
(all tall)

Gametes

F, generation

Genotypes:
(1:2:1)

Phenotypes:
(3:1)

FIGURE 2.6 Mendel’s law of segregation.
J This illustration shows a cross between a true-breeding
IE’)‘(E&?S(EIIWE tall plant and a true-breeding dwarf plant and the sub-
sequent segregation of the tall (7)) and dwarf (7) alleles
in the F; and F, generations.

CONCEPT CHECK: With regard to the T and ¢ alleles, explain what the word
segregation means.
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height, in this case), and the recessive allele is represented by the
same letter in lowercase (z, for dwarf height). For the P cross, both
parents are true-breeding plants. Therefore, each one has identical
copies of the height gene. When an individual has two identical cop-
ies of a gene, the individual is said to be homozygous with respect
to that gene. (The prefix homo- means “like,” and the suffix -zygo
means “pair.”) In the P cross, the tall plant is homozygous for the tall
allele 7, and the dwarf plant is homozygous for the dwarf allele z. In
contrast, the F, generation is heterozygous, with the genotype Tt,
because every individual carries one copy of the tall allele and one
copy of the dwarf allele. A heterozygous individual carries different
alleles of a gene. (The prefix hetero- means “different.”)

The term genotype refers to the genetic composition of an
individual. 7T and # are the genotypes of the P generation in this
experiment. The term phenotype refers to observable traits of an
organism. In the P generation, the plants exhibit a phenotype that is
either tall or dwarf. In some cases, plants have different genotypes
yet the same phenotype. For example, both 77 and Tt plants are tall.

The law of segregation predicts that the phenotypes of the F,
generation will be tall and dwarf in a ratio of 3:1 (see Figure 2.6). The
parents of the F, generation are heterozygous. Due to segregation, their
gametes can carry either a T allele or a ¢ allele, but not both. Following
self-fertilization, 77, Tt, and # are the possible genotypes of the F,
generation. By randomly combining these alleles, the genotypes are
produced in a 1:2:1 ratio. Because 77 and Tt both produce tall pheno-
types, a 3:1 phenotypic ratio is observed in the F, generation.

A Punnett Square Can Be Used to Predict
the Outcome of Crosses and Self-Fertilization
Experiments

An easy way to predict the outcome of simple genetic crosses and self-
fertilization experiments is to use a Punnett square, a method origi-
nally proposed by British geneticist Reginald Punnett. To construct a
Punnett square, you must know the genotypes of the parents. With this
information, the Punnett square enables you to predict the types of
offspring the parents are expected to produce and in what proportions.

Step 1. Write down the genotypes of both parents. (In a self-
fertilization experiment, a single parent provides the sperm
and egg cells.) Let’s consider an example in which a hetero-
zygous tall plant is crossed to another heterozygous tall
plant. The plant providing the sperm (via pollen) is the male
parent and the plant providing the eggs is the female parent.

Male parent: Tt

Female parent: Tt

Step 2. Write down the possible gametes that each parent can
make. Remember that the law of segregation tells us that
a gamete carries only one copy of each gene.

Male gametes: T or ¢

Female gametes: T or ¢

Step 3. Create an empty Punnett square. In the examples shown
in this textbook, the number of columns equals the num-
ber of male gametes, and the number of rows equals the
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number of female gametes. Our example has two rows and
two columns. Place the male gametes across the top of the
Punnett square and the female gametes along the side.

Male gametes

g T t

+O

-

Female gametes

~

Step 4. Fill in the possible genotypes of the offspring by com-
bining the alleles of the gametes in the empty boxes.

Male gametes

g T t

+O

-

T Tt

Female gametes

~

Tt

Step 5. Determine the relative proportions of genotypes and
phenotypes of the offspring. The genotypes are obtained
directly from the Punnett square. They are contained
within the boxes that have been filled in. In this example,
the genotypes are 77, Tt, and #f in a 1:2:1 ratio. To deter-
mine the phenotypes, you must know the dominant/
recessive relationship between the alleles. For plant
height, 7T (tall) is dominant to # (dwarf). The genotypes
TT and Tt are tall, whereas the genotype ¢ is dwarf.
Therefore, our Punnett square shows us that the ratio
of phenotypes is 3:1, or 3 tall plants : 1 dwarf plant.

GENETIC TIPS THE QUESTION: One pea plant that is

heterozygous with regard to flower color (purple is dominant to
white) is crossed to a plant with white flowers. What are the
predicted outcomes of genotypes and phenotypes for the offspring?

OPIC: What topic in genetics does this question
address? The topic is Mendelian inheritance. More specifically,
the question is about a single-factor cross.

o NFORMATION: What information do you know based on the
question and your understanding of the topic? From the
question, you know that one plant is heterozygous for flower color.
If P is the purple allele and p the white allele, the genotype of this
plant is Pp. The other plant exhibits the recessive phenotype, so its

genotype must be pp. From your understanding of the topic, you
may remember that alleles segregate during gamete formation and
parents each pass one allele to their offspring; the two alleles
combine at fertilization.

(D roeLemsovine ) TRATEGY: Predict the outcome. One
strategy to solve this type of problem is to use a Punnett square to
predict the outcome of the cross. The Punnett square is shown next.

d o»r P
9 P = purple
P Pp PP p = white
P Pp pp

ANSWER: The ratio of offspring genotypes is 1 Pp : 1 pp. The ratio
of the phenotypes is 1 purple : 1 white.

2.2 COMPREHENSION QUESTIONS

1. Apea plantis Tt. Which of the following statements is correct?
a. Its genotype is Tt, and its phenotype is dwarf.

b. Its phenotype is T, and its genotype is dwarf.
c. Its genotype is Tt, and its phenotype is tall.
d. Its phenotype is Tt, and its genotype is tall.

2. ATtpeaplantis crossed to a ¢t plant. What is the expected ratio
of phenotypes for offspring from this cross?
a. 3tall: 1 dwarf

b. 1tall: 1 dwarf
c. 1tall: 3 dwarf
d. 2tall: 1 dwarf

2.3 LAW OF INDEPENDENT

ASSORTMENT

Learning Outcomes:

1. Analyze Mendel’s experiments involving two-factor crosses.

2. State Mendel’s law of independent assortment.

3. Predict the outcome of two-factor crosses using a Punnett
square.

4. Define loss-of-function allele and explain why such alleles
are useful to study.

Though his experiments as described in Figure 2.5 revealed
important ideas regarding a hereditary law, Mendel realized
that additional insights might be uncovered if he conducted



more complicated experiments. In this section, we will exam-
ine how he conducted crosses in which he simultaneously
investigated the pattern of inheritance for two different charac-
ters. In other words, he carried out two-factor crosses in
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which he followed the inheritance of two different characters
within the same groups of individuals. These experiments led
to the formulation of a second law—the law of independent
assortment.

EXPERIMENT 2B

Mendel Also Analyzed Crosses Involving
Two Different Characters

To illustrate Mendel’s work, we will consider an experiment in
which one of the characters was seed shape, found in round or
wrinkled variants, and the second character was seed color, which
existed as yellow and green variants. In this two-factor cross,
Mendel followed the inheritance pattern for both characters
simultaneously.

What results are possible from a two-factor cross? One pos-
sibility is that the genetic determinants for these two different
characters are always linked to each other and inherited as a single
unit (Figure 2.7a). If this were the case, the F; offspring could
produce only two types of gametes, RY and ry. A second possibil-
ity is they are not linked and can assort themselves independently
into gametes (Figure 2.7b). If independent assortment occurred,
an F; offspring could produce four types of gametes, RY, Ry, rY,
and ry. Keep in mind that the results of Figure 2.5 have already
shown us that a gamete carries only one allele for each gene.

P generation seeds RrRYY | )

1

Haploid gametes M

u. RrYy
A A @

(a) HYPOTHESIS: Linked assortment

©
l

F, generation seeds

Haploid gametes

The experimental protocol for this two-factor cross is
shown in Figure 2.8. Mendel began with two different strains
of true-breeding pea plants that were different in seed shape
and seed color. One plant was produced from seeds that were
round and yellow; the other plant from seeds that were wrin-
kled and green. When these plants were crossed, the seeds,
which contain the plant embryo, are considered part of the F;
generation. As expected, the data revealed that the F; seeds
displayed a phenotype of round and yellow. This was observed
because round and yellow are dominant traits. It is the F, gen-
eration that supports the independent assortment model and
refutes the linkage model.

THE HYPOTHESES

The inheritance pattern for two different characters follows one or
more quantitative natural laws. Two possible hypotheses are de-
scribed in Figure 2.7.

R =round

rRryy ) @ rryy
o r = wrinkled

Y =yellow
y =green

J\-)‘ RrYy

:

Haploid gametes 1/, @ A A @ Y, @

(b) HYPOTHESIS: Independent assortment

FIGURE 2.7 Two hypotheses to explain how two different genes assort during gamete formation. (a) According to the linkage hypothesis,
the two genes always stay associated with each other. (b) In contrast, the independent assortment hypothesis proposes that the two different genes

randomly segregate into haploid cells.

CONCEPT CHECK: According to the linkage hypothesis shown here, what is linked? Are two different genes linked, or are two different alleles of the same gene

linked, or both?
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TESTING THE HYPOTHESES FIGURE 2.8 Mendel’s analysis of two-factor crosses.

Starting material: In this experiment, Mendel began with two types of true-breeding strains of pea plants that were different with regard
to two characters. One strain produced round, yellow seeds (RRYY); the other strain produced wrinkled, green seeds (rryy).

Experimental level Conceptual level
True-breeding True-breeding
round, yellow seed wrinkled, green seed
1.Cross the two true-breeding strains to O @ O @
each other. This produces F| generation RRYY rryy

seeds.

+ Seeds e planted h N Gametes
1 : formed
RY x ry
2.Collect many seeds and record their =7
phenotype. 7 3 I generation
\/

Self-
~ fertilization

3.F; seeds are planted and grown, and the
F| plants are allowed to self-fertilize.
This produces seeds that are part of the
F, generation.

RRYY | RRYy | RrYY | RrYy

F ti
wets |V n Q@O Q@

000 @@ %, olo[a o
OO O e RrYY | RrYy rr—yy i
Q00 @ QO D@

- ry
@ RrYy | Rryy | rrYy | rryy

RrYy

4. Analyze the characteristics found in the
F, generation seeds.

THE DATA

. . INTERPRETING THE DATA
P cross F; generation F, generation

In addition to seeds that were like those of the parental genera-

Round, yellow x  All d, yell 315 d, yell d . .
ounc, yeltow found, yetlow Tound, yerlow seeds tion, the F, generation also had seeds that were round and green

inkled, 108 d, d . .
wrinkle round, greehl seeds and seeds that were wrinkled and yellow. These two categories
green seeds 101 wrinkled, yellow .

seeds of F, seeds are called nonparentals because these combina-

tions of traits were not found in the true-breeding plants of the

32 wrinkled, green seeds . .
parental generation. The occurrence of nonparental variants




contradicts the linkage model (see Figure 2.7a). According to
the linkage model, the R and Y alleles should be linked together
and so should the r and y alleles. If this were the case, the F,
plants could only produce gametes that are RY or ry. These
would combine to produce RRYY (round, yellow), RrYy (round,
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yellow), or rryy (wrinkled, green) seeds in a 1:2:1 ratio. Non-
parental seeds could, therefore, not be produced. However,
Mendel did not obtain this result. Instead, he observed a pheno-
typic ratio of 9:3:3:1 in the F, generation.

Mendel’s Two-factor Crosses Led to the Law of
Independent Assortment

Mendel’s results from many two-factor crosses rejected the link-
age hypothesis of assortment and, instead, supported the hypoth-
esis that different characters assort themselves independently.
Using modern terminology, Mendel’s law of independent
assortment states the following:

Two different genes will randomly assort their alleles during
the formation of haploid cells.

In other words, the allele for one gene will be found within a result-
ing gamete independently of whether the allele for a different gene
is found in the same gamete. In the example given in Figure 2.8,
the round and wrinkled alleles are assorted into haploid gametes
independently of the yellow and green alleles. Therefore, a hetero-
zygous RrYy parent can produce four different gametes—RY, Ry,
rY, and ry—in equal proportions.

In an F, self-fertilization experiment, any two gametes can
combine randomly during fertilization. This allows for 42, or 16,

Four possible male

gametes:

Four possible female
gametes:

possible offspring, although some offspring will be genetically
identical to each other. As shown in Figure 2.9, these 16 possible
combinations result in seeds with the following phenotypes:
9 round, yellow; 3 round, green; 3 wrinkled, yellow; and 1 wrin-
kled, green. This 9:3:3:1 ratio is the expected outcome when a
plant that is heterozygous for both genes is allowed to self-fertilize.
Mendel was clever enough to realize that the data for his two-
factor experiments were close to a 9:3:3:1 ratio. In Figure 2.8, for
example, his F; generation produced F, seeds with the following
characteristics: 315 round, yellow seeds; 108 round, green seeds;
101 wrinkled, yellow seeds; and 32 wrinkled, green seeds. If we
divide each of these numbers by 32 (the number of plants with
wrinkled, green seeds), the phenotypic ratio of the F, generation is
9.8 : 3.4 : 3.2 : 1.0. Within experimental error, Mendel’s data ap-
proximated the predicted 9:3:3:1 ratio for the F, generation.

The law of independent assortment held true for two-factor
crosses involving all of the characters that Mendel studied in pea
plants. However, in other cases, the inheritance pattern of two
different genes is consistent with the linkage model described in Fig-
ure 2.7a. In Chapter 6, we will examine the inheritance of genes that

R =round

r =wrinkled
Possible ways for Y =yellow
male and female y =green
gametes to combine

AW WEYWEWa f Y N &> > M (S S

Q000000000 PP00O®®

RRYY RRYy RrYY RrYy RRYy RRyy RrYy Rryy RrYY RrYy rmYY Yy RrYy Rryy Yy  rryy
By randomly combining male and female gametes, 16 combinations are possible.

Totals: . TRRYY : 2RRYy : 4RrYy : 2 RrYY] : l1 RRyy : 2 Rryy ; 1lrrYY L 2rmrYy ,1rr‘yy
T T T T

9 round, 3 round, 3 wrinkled, 1 wrinkled,

Phenotypes: yellow seeds green seeds yellow seeds  green seed

FIGURE 2.9 Mendel’s law of independent assortment.

Genes—Traits This self-fertilization experiment involves a parent that is heterozygous for seed shape and seed color (RrYy). Four types of male

INTERACTIVE
EXERCISE

gametes are possible: RY; Ry, r¥, and ry. Likewise, four types of female gametes are possible: RY, Ry, rY, and ry. These four types of gametes are the

result of the independent assortment of the seed shape and seed color alleles relative to each other. During fertilization, any one of the four types of
male gametes can combine with any one of the four types of female gametes. This results in 16 types of offspring, each one containing two copies of the seed

shape gene and two copies of the seed color gene.

CONCEPT CHECK: Why does independent assortment promote genetic variation?
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are linked because they are close to each other within the same chro-
mosome. As we will see, linked genes do not assort independently.

An important consequence of the law of independent assort-
ment is that a single individual can produce a vast array of geneti-
cally different gametes. As mentioned in Chapter 1, diploid species
have pairs of homologous chromosomes, which may differ with
respect to the alleles they carry. When an offspring receives a
combination of alleles that differs from those in the parental gen-
eration, this phenomenon is termed genetic recombination. One
mechanism that accounts for genetic recombination is indepen-
dent assortment. A second mechanism, discussed in Chapter 6, is
crossing over, which can reassort alleles that happen to be linked
along the same chromosome.

The phenomenon of independent assortment is rooted in the
random pattern by which the pairs of chromosomes assort them-
selves during the process of meiosis, a topic addressed in Chapter 3.
When two different genes are found on different chromosomes,
they randomly assort into haploid cells (look ahead to Figure 3.16).
If a species contains a large number of chromosomes, this creates
the potential for an enormous amount of genetic diversity. For ex-
ample, human cells contain 23 pairs of chromosomes. These pairs
separate and randomly assort into gametes during meiosis. The
number of different gametes an individual can make equals 2",
where n is the number of pairs of chromosomes. Therefore, hu-
mans can make 223, or over 8 million, possible gametes, due to
independent assortment. The capacity to make so many geneti-
cally different gametes enables a species to produce a great diver-
sity of individuals with different combinations of traits.

Cross: TtYy x TtYy

A Punnett Square Can Be Used to Solve
Independent Assortment Problems

As already depicted in Figure 2.8, we can make a Punnett square to
predict the outcome of experiments involving two or more genes that
assort independently. Let’s see how such a Punnett square is made by
considering a cross between two plants that are heterozygous for
height and seed color (Figure 2.10). This cross is 7tYy X TtYy. When
we construct a Punnett square for this cross, we must keep in mind
that each gamete has a single allele for each of two genes. In this
example, the four possible gametes from each parent are

TY, Ty, tY, and ty

In this two-factor cross, we need to make a Punnett square contain-
ing 16 boxes. The phenotypes of the resulting offspring are pre-
dicted to occur in a ratio of 9:3:3:1.

The Multiplication and Forked-Line Methods
Can Also Be Used to Solve Independent
Assortment Problems

In crosses involving three or more genes, the construction of a
single large Punnett square becomes very unwieldy. For example,
in a three-factor cross between two pea plants that are 7t Rr Yy,
each parent can make 23, or 8, possible gametes. Therefore, the
Punnett square must contain 8 X 8 = 64 boxes. As a more reason-
able alternative, we can consider each gene separately and then
algebraically combine them by multiplying together the expected

T =tall
ty ty t =dwarf
Y =yellow
Tty Tty .
Tall, yellow | Tall, yellow
TtYy Ttyy
Tall, yellow | Tall, green:
tYyY ttYy

Dwarf, yellow|Dwarf, yellow|

ttYy

Dwarf, yellow,

i raeh

A TTyy @ 2 Ttyy @ 1ttYY @ 2ttYy : 1ttyy
L J J L J

d 71y Ty
9 TTYY TTYy
TY
Tall, yellow | Tall, yellow
TTYy TTyy
Ty
Tall, yellow | Tall, green
TtYy TtYy
ty
Tall, yellow | Tall, yellow
TtYy Ttyy
ty
Tall, yellow | Tall, green
Genotypes: 1TTYY : 2TTYy : 4 TtYy : 2 TtYY
L J)
T
Phenotypes: 9 tall
plants with

yellow seeds

T T
3 dwarf 1 dwarf
plants with plant with
yellow seeds green seeds

T
3 tall
plants with
green seeds

FIGURE 2.10 A Punnett square for a two-factor cross. The Punnett square shown here involves a cross between two pea plants that are hetero-

zygous for height and seed color. The cross is 7tYy X TtYy.

CONCEPT CHECK: If a parent plant is Ttyy, how many different types of gametes can it make?



outcomes for each gene. Two methods for doing this kind of anal-
ysis are termed the multiplication method and the forked-line
method. To illustrate these methods, let’s consider the following
question:

Two pea plants are heterozygous for three genes (Tt Rr Yy),
where T = tall, t = dwarf, R = round seeds, r = wrinkled
seeds, Y = yellow seeds, and y = green seeds. If these
plants are crossed to each other, what are the predicted
phenotypes of the offspring, and what fraction of the off-
spring will occur in each category?

You could solve this problem by constructing a large Punnett
square and filling in the boxes. However, in this case, eight differ-
ent male gametes and eight different female gametes are possible:
TRY, TRy, TrY, tRY, trY, Try, tRy, and try. It would become rather
time consuming to construct and fill in this Punnett square, which
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would contain 64 boxes. As an alternative, we can consider each
gene separately and then algebraically combine them by multiply-
ing together the expected phenotypic outcomes for each gene. In
the cross Tt Rr Yy X Tt Rr Yy, a Punnett square can be made for
each gene (Figure 2.11a).

According to the multiplication method, we can simply
use the product rule (discussed later in Section 2.5) and multi-
ply these three combinations together (Figure 2.11b). Even
though the multiplication steps are also somewhat tedious, this
approach is much easier than making a Punnett square with
64 boxes, filling them in, deducing each phenotype, and then
adding them up!

A second approach analogous to the multiplication method
is the forked-line method. In this case, the genetic proportions are
determined by multiplying together the probabilities of each phe-
notype (Figure 2.11c¢).

g T t Jd R r d v y
9 T Tt 9 RR Rr 9 YY Yy
T R Y
Tall Tall Round Round Yellow Yellow
Tt Rr r Yy 3%%
t r y
Tall Round Wrinkled Yellow Green
3 tall : 1 dwarf 3 round : 1 wrinkled 3yellow : 1green

(a) Punnett squares for each gene

P = (3 tall + 1 dwarf)(3 round + 1 wrinkled)(3 yellow + 1 green)

First, multiply (3 tall + 1 dwarf) times (3 round + 1 wrinkled)

(3 tall + 1 dwarf)(3 round + 1 wrinkled) = 9 tall, round + 3 tall, wrinkled + 3 dwarf, round + 1 dwarf, wrinkled

Next, multiply this product by (3 yellow + 1 green).

P = (9 tall, round + 3 tall, wrinkled + 3 dwarf, round + 1 dwarf, wrinkled) (3 yellow + 1 green) = 27 tall,
round, yellow + 9 tall, round, green + 9 tall, wrinkled, yellow + 3 tall, wrinkled, green + 9 dwarf, round,
yellow + 3 dwarf, round, green + 3 dwarf, wrinkled, yellow + 1 dwarf, wrinkled, green

(b) Multiplication method

Tall or Round or Yellow or
dwarf wrinkled green Observed product Phenotype
{3/4 yellow —3 (3/,)(3/,)(%/4) = g tall, round, yellow
3
/4 round
s 1, green — (3/,)C/4)(14) = °lgq tall, round, green
/4 tall
3/4 yeIIow—>(3/4)(1/4)(3/4) = 9/64 tall, wrinkled, yellow
'/, wrinkled {
1y green — (3/,)(14)(V4) = 3lgqtall, wrinkled, green
‘[: 3/, yellow — (,)(314)(314) = °lgq dwarf, round, yellow
3
/4 round
4 green — (,)(3/4)(V4) = 3/gqdwarf, round, green
", dwarf
3/, yellow —3 (,)(V4)(3/4) = 3lgq dwarf, wrinkled, yellow
1/, wrinkled {
1y green — (V,)(V4)s) = Ygqdwarf, wrinkled, green

(c) Forked-line method

FIGURE 2.11 Two alternative ways to predict the outcome of a three-factor cross. The cross is 7t Rr Yy X Tt Rr Yy. (a) For both methods,
each gene is treated separately. The three Punnett squares predict the outcome for each gene. (b) Multiplication method. (¢) Forked-line method.
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Modern Geneticists Are Often Interested in the
Relationship Between the Molecular Expression
of Genes and the Outcome of Traits

Mendel’s work with pea plants was critically important because his
laws of inheritance pertain to most eukaryotic organisms. These in-
clude corn, fruit flies, roundworms, mice, humans, and many others
that transmit their genes through sexual reproduction. During the
past several decades, many researchers have focused their attention
on the relationship between the molecular expression of genes and
the phenotypic appearance of traits. This theme will recur through-
out the textbook (and we will draw attention to it by designating
certain figure legends with a “Genes — Traits” label).

As mentioned in Chapter 1, most genes encode proteins that
function within living cells. The specific functions of individual pro-
teins affect the outcome of an individual’s traits. A genetic approach
can help us understand the relationship between a protein’s function
and its effect on phenotype. Most commonly, a geneticist will try to
identify an individual that has a defective copy of a gene to see how
that will affect the individual’s phenotype. These defective genes are
called loss-of-function alleles, and they provide geneticists with a
great amount of information. Unknowingly, Gregor Mendel had stud-
ied seven loss-of-function alleles among his strains of pea plants. The
recessive characteristics in his plants were due to genes that had been
rendered defective by a mutation. Such alleles are often inherited in a
recessive manner, though this is not always the case.

How are loss-of-function alleles informative? In many cases,
such alleles provide critical clues concerning the purpose of the
protein’s function within the organism. For example, we expect the
gene affecting flower color in pea plants (purple versus white) to
encode a protein that is necessary for pigment production. This
protein may function as an enzyme that is necessary for the synthe-
sis of purple pigment. Furthermore, a reasonable guess is that the
white allele is a loss-of-function allele that is unable to express this
protein and therefore cannot make the purple pigment. To confirm
this idea, a biochemist could analyze the petals from purple and
white flowers and try to identify the protein that is defective or
missing in the white petals but functionally active in the purple
ones. The identification and characterization of this protein would
provide a molecular explanation for this phenotypic characteristic.

2.3 COMPREHENSION QUESTIONS

1. A pea plant has the genotype rrYy. How many different types of
gametes can it make and in what proportions?
a. 1Yy
b. 1rY:1ry
c. 3r¥:ilry
d. TRY:1rY:1Ry:1ry
2. Acrossis made between a pea plant that is RrYy and one that is
rrYy. What is the predicted outcome of the seed phenotypes?
a. 9round, yellow : 3 round, green : 3 wrinkled, yellow :
1 wrinkled, green
b. 3round, yellow : 3 round, green : 1 wrinkled, yellow :
1 wrinkled, green

¢. 3round, yellow : 1 round, green : 3 wrinkled, yellow :
1 wrinkled, green

d. 1round, yellow : 1 round, green : 1 wrinkled, yellow :
1 wrinkled, green

3. Ina population of wild squirrels, most of them have gray fur, but
an occasional squirrel is completely white. If we let P and p rep-
resent dominant and recessive alleles, respectively, of a gene
that encodes an enzyme necessary for pigment formation,
which of the following statements do you think is most likely to
be correct?

a. The white squirrels are pp, and the p allele is a loss-of-
function allele.

b. The gray squirrels are pp, and the p allele is a loss-of-
function allele.

c. The white squirrels are PP, and the P allele is a loss-of-
function allele.

d. The gray squirrels are PP, and the P allele is a loss-of-
function allele.

2.4 STUDYING INHERITANCE

PATTERNS IN HUMANS

Learning Outcomes:

1. Describe the features of a pedigree.
2. Analyze a pedigree to determine if a trait or disease is domi-
nant or recessive.

Before we end our discussion of simple Mendelian traits, let’s
address the question of how we can analyze inheritance patterns
among humans. In his experiments, Mendel selectively made
crosses and then analyzed a large number of offspring. When
studying human traits, however, researchers cannot control
parental crosses. Instead, they must rely on the information that is
contained within family trees, or pedigrees, which are charts rep-
resenting family relationships. This type of approach, known as
pedigree analysis, is aimed at determining the type of inheritance
pattern that a gene follows. Although this method may be less
definitive than performing experiments like Mendel’s, pedigree
analyses often provide important clues concerning the pattern of
inheritance of traits within human families. An expanded discus-
sion of human pedigrees is found in Chapter 25, which concerns
the inheritance patterns of many human diseases.

In order to discuss the applications of pedigree analyses,
we need to understand the organization and symbols of a pedi-
gree (Figure 2.12). The oldest generation is at the top of the
pedigree, and the most recent generation is at the bottom. Verti-
cal lines connect each succeeding generation. A man (square)
and woman (circle) who produce one or more offspring are di-
rectly connected by a horizontal line. A vertical line connects
parents with their offspring. If parents produce two or more off-
spring, the group of siblings (brothers and/or sisters) is denoted
by two or more squares and/or circles projecting downward from
the same horizontal line.



When a pedigree involves the transmission of a human trait
or disease, affected individuals are depicted by filled symbols
(in this case, black) that distinguish them from unaffected indi-
viduals. Each generation is given a roman numeral designation,

Vo

I-1 I-2
1I-1 1I-2 -3 1II-4 II-5

-1 III-2 II1-3 II1-4 IMI-5 II-6 II-7

(a) Human pedigree showing cystic fibrosis

O Female
I:l Male

<> Sex unknown or not
specified

{ O O Miscarriage

gJZ( Deceased individual
O I:l Unaffected individual

. - Affected individual
Presumed heterozygote
oV©

(the dot notation indicates
sex-linked traits)

Consanguineous mating
(between related individuals)

Iﬁh ﬁb Fraternal (dizygotic) twins

@ Iﬁ Identical (monozygotic) twins

(b) Symbols used in a human pedigree

FIGURE 2.12 Pedigree analysis. (a) A family pedigree in which
some of the members are affected with cystic fibrosis. Individuals I-1, I-2,
1I-4, and II-5 are depicted as presumed heterozygotes because they produce
affected offspring. (b) The symbols used in pedigree analysis. Note: In
most pedigrees shown in this textbook, such as those found in the problem
sets, the heterozygotes are not shown as half-filled symbols. Most pedigrees
throughout the book show individuals’ phenotypes—unfilled symbols are
unaffected individuals and filled symbols are affected individuals.

CONCEPT CHECK: What are the two different meanings of horizontal lines in
a pedigree?
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and individuals within the same generation are numbered from left
to right. A few examples of the genetic relationships in Figure 2.12a
are described here:

Individuals I-1 and I-2 are the grandparents of I1I-1, ITI-2,
1I1-3, II1-4, III-5, II1-6, and III-7.

Individuals III-1, III-2, and III-3 are brother and sisters.
Individual ITI-4 is affected by a genetic disease.

The symbols shown in Figure 2.12 depict certain individuals,
such as I-1, I-2, II-4, and II-5, as presumed heterozygotes because
they are unaffected with a disease but produce homozygous off-
spring that are affected with a recessive genetic disease. How-
ever, in many pedigrees, such as those found in the problem sets
at the end of the chapter, the symbols reflect only phenotypes.
In most pedigrees, affected individuals are shown with filled
symbols, and unaffected individuals, including those that might
be heterozygous for a recessive disease, are depicted with un-
filled symbols.

Pedigree analysis is commonly used to determine the inheri-
tance pattern for human genetic diseases. Human geneticists are rou-
tinely interested in knowing whether a genetic disease is inherited as a
recessive or dominant trait. One way to discern the dominant/recessive
relationship between two alleles is by pedigree analysis. Genes that
play a role in disease may exist as a common (wild-type) allele or a
mutant allele that causes disease symptoms. If the disease follows a
simple Mendelian pattern of inheritance and is caused by a recessive
allele, an individual must inherit two copies of the mutant allele to
exhibit the disease. Therefore, a recessive pattern of inheritance
makes two important predictions. First, two heterozygous unaffected
individuals will, on average, have 1/4 of their offspring affected.
Second, all offspring of two affected individuals will be affected.
Alternatively, a dominant trait predicts that affected individuals will
have inherited the gene from at least one affected parent (unless a
new mutation has occurred during gamete formation).

The pedigree in Figure 2.12a concerns a human genetic
disease known as cystic fibrosis (CF). Among people of Northern
European descent, approximately 3% of the population are hetero-
zygous carriers of this recessive allele. In homozygotes, the disease
symptoms include abnormalities of the pancreas, intestine, sweat
glands, lungs, and reproductive organs. These abnormalities are
caused by an imbalance of ions across the plasma membranes of
cells. In the lungs, this leads to a buildup of thick, sticky mucus.
Respiratory problems may lead to early death, although modern
treatments have greatly increased the life span of CF patients. In the
late 1980s, the gene for CF was identified. It encodes a protein called
the cystic fibrosis transmembrane conductance regulator (CFTR).
This protein regulates ion balance across the cell membrane in tis-
sues of the pancreas, intestine, sweat glands, and lungs. The mutant
allele causing CF alters the encoded CFTR protein. The altered
CFTR protein is not correctly inserted into the plasma membrane,
resulting in a decreased function that causes the ion imbalance.

As seen in the pedigree, the pattern of affected and unaffected
individuals is consistent with a recessive mode of inheritance. Two
unaffected individuals can produce an affected offspring. Although
not shown in this pedigree, a recessive mode of inheritance is also
characterized by the observation that two affected individuals will
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produce 100% affected offspring. However, for human genetic dis-
eases that limit survival or fertility (or both), there may never be
cases where two affected individuals produce offspring.

2.4 COMPREHENSION QUESTIONS

1. Which of the following would not be observed in a pedigree if a
genetic disorder was inherited in a recessive manner?
a. Two unaffected parents have an affected offspring.

b. Two affected parents have an unaffected offspring.

c. One affected and one unaffected parent have an unaffected
offspring.

d. All of the above are possible for a recessive disorder.

2. Forthe pedigree shown here, which pattern(s) of inheritance is/
are possible? Affected individuals are shown with a filled symbol.

oo
0 m

e
O b m o

Recessive
Dominant
Both recessive and dominant

O—
O O

o0 oo

Neither recessive nor dominant

2.5 PROBABILITY AND

STATISTICS

Learning Outcomes:

1. Define probability.

2. Predict the outcomes of crosses using the product rule and
binomial expansion equation.

3. Evaluate the validity of a hypothesis using a chi square test.

A powerful application of Mendel’s work is that the laws of inheri-
tance can be used to predict the outcomes of genetic crosses. In agri-
culture, for example, plant and animal breeders are concerned with
the types of offspring resulting from their crosses. This information
is used to produce commercially important crops and livestock. In
addition, people are often interested in predicting the characteristics
of the children they may have. This may be particularly important to
individuals who carry alleles that cause inherited diseases. Of course,
we cannot see into the future and definitively predict what will hap-
pen. Nevertheless, genetic counselors can help couples to predict the
likelihood of having an affected child. This probability is one factor
that may influence a couple’s decision whether to have children.

In this section, we will see how probability calculations are
used in genetic problems to predict the outcomes of crosses. We

will consider two mathematical operations known as the product
rule and the binomial expansion equation. These methods allow us
to determine the probability that a cross between two individuals
will produce a particular outcome. To apply these operations, we
must have some knowledge regarding the genotypes of the parents
and the pattern of inheritance of a given trait. These following
operations are used to solve certain types of problems:

* The product rule is used in problems in which the out-
comes are independent of each other.

e The binomial expansion is used in problems having an un-
ordered combination of outcomes.

Probability calculations can also be used in hypothesis testing. In
many situations, a researcher would like to discern the genotypes
and patterns of inheritance for traits that are not yet understood. A
traditional approach to this problem is to conduct crosses and then
analyze their outcomes. The proportions of offspring may provide
important clues that allow the experimenter to propose a hypoth-
esis, based on the quantitative laws of inheritance, that explains
the transmission of the trait from parents to offspring. Statistical
methods, such as the chi square test, can then be used to evaluate
how well the observed data from crosses fit the expected data. We
will end this chapter with an example that applies the chi square
test to a genetic cross.

Probability Is the Likelihood That
an Outcome Will Occur

The chance that an outcome will occur in the future is called the
outcome’s probability. For example, if you flip a coin, the prob-
ability is 0.50, or 50%, that the head side will be showing when the
coin lands. Probability depends on the number of possible out-
comes. In this case, two possible outcomes (heads or tails) are
equally likely. This allows us to predict a 50% chance that a coin
flip will produce heads. The general formula for probability (P) is

Number of times a particular outcome occurs

Probability =
robabtily Total number of possible outcomes

Thus, the probability of heads for a coin flip is
Pheags = 1 heads / (1 heads + 1 tails) = 1/2, or 50%

In genetic problems, we are often interested in the probability that
a particular type of offspring will be produced. Recall that when
two heterozygous tall pea plants (77) are crossed, the phenotypic
ratio of the offspring is 3 tall to 1 dwarf. This information can be
used to calculate the probability for either type of offspring.

Number of individuals with a given phenotype

Probability =
fobablity Total number of individuals
Py =3 tall / (3 tall + 1 dwarf) = 3/4, or 75%

Payart = 1 dwarf / (3 tall + 1 dwarf) = 1/4, or 25%

The probability is 75% for offspring that are tall and 25% for off-
spring that are dwarf. When we add together the probabilities of
all possible outcomes (tall and dwarf), we should get a sum of
100% (here, 75% + 25% = 100%).



A probability calculation allows us to predict the likelihood
that an outcome will occur in the future. The accuracy of this pre-
diction, however, depends to a great extent on the size of the sam-
ple. For example, if we toss a coin six times, our probability
prediction suggests that 50% of the time we should get heads (i.e.,
three heads and three tails). In this small sample size, however, we
would not be too surprised if we came up with four heads and two
tails. Each time we toss a coin, there is a random chance that it will
be heads or tails. The deviation between the observed and expected
outcomes is called the random sampling error. In a small sample
of coin tosses, the error between the predicted percentage of heads
and the actual percentage observed may be quite large. By com-
parison, if we flipped a coin 1000 times, the percentage of heads
would be fairly close to the predicted 50% value. In a larger sample,
we expect the random sampling error to be a much smaller percent-
age. For example, the fairly large data sets produced by Mendel had
relatively small sampling errors (refer back to Figure 2.5.)

The Product Rule Is Used to Predict the
Probability of Independent Outcomes

We can use probability to make predictions regarding the likeli-
hood of two or more independent outcomes from a genetic cross.
When we say that outcomes are independent, we mean that the
occurrence of one outcome does not affect the probability of an-
other. As an example, let’s consider a rare, recessive human trait
known as congenital analgesia. Persons with this trait can distin-
guish between sharp and dull, and hot and cold, but do not per-
ceive extremes of sensation as being painful. The first case of
congenital analgesia, described in 1932, was a man who made his
living entertaining the public as a “human pincushion.”

For a phenotypically unaffected couple, in which each par-
ent is heterozygous, Pp (where P is the common allele and p is the
recessive allele causing congenital analgesia), we can ask the
question, What is the probability that the couple’s first three
offspring will have congenital analgesia? To answer this question,
the product rule is used. According to this rule,

The probability that two or more independent outcomes will
occur is equal to the product of their individual probabilities.

A strategy for solving this type of problem is shown here.

The Cross: Pp X Pp
The Question: What is the probability that the couple’s first
three offspring will have congenital analgesia?

Step 1. Calculate the individual probability of this phenotype.
As described previously, this is accomplished using a
Punnett square.

The probability of an affected offspring is 1/4.

Step 2. Multiply the individual probabilities. In this case, we are
asking about the first three offspring, and so we multiply
1/4 three times.

1/4 x 1/4 x 1/4 = 1/64 = 0.016, or 1.6%

In this case, the probability that the first three offspring will have
this trait is 0.016. We predict that 1.6% of the time the first three
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offspring will all have congenital analgesia when both parents are
heterozygotes. In this example, the phenotypes of the first, second,
and third offspring are independent outcomes. The phenotype of
the first offspring does not have an effect on the phenotype of the
second or third offspring.

In the problem described here, we have used the product
rule to determine the probability that the first three offspring will
all have the same phenotype (congenital analgesia). We can also
apply the rule to predict the probability of a sequence of outcomes
that involves combinations of different offspring. For example,
consider the question, What is the probability that the first off-
spring will be unaffected, the second offspring will have congeni-
tal analgesia, and the third offspring will be unaffected? Again, to
solve this problem, begin by calculating the individual probability
of each phenotype.

Unaffected = 3/4
Congenital analgesia = 1/4

The probability that these three phenotypes will occur in this spec-
ified order is

3/4 x 1/4 x 3/4 = 9/64 = 0.14, or 14%

This sequence of outcomes is expected to occur 14% of the time.
The product rule can also be used to predict the outcome of a
cross involving two or more genes. Let’s suppose an individual with
the genotype Aa Bb CC was crossed to an individual with the geno-
type Aa bb Cc. We could ask the question, What is the probability
that an offspring will have the genotype AA bb Cc? If the three genes
independently assort, the probability of inheriting alleles for each
gene is independent of the other two genes. Therefore, we can sepa-
rately calculate the probability of the desired outcome for each gene.

Cross: Aa Bb CC X Aa bb Cc

Probability that an offspring will be AA = 1/4
Probability that an offspring will be bb = 1/2
Probability that an offspring will be Cc = 1/2

We can use the product rule to determine the probability that an
offspring will be AA bb Cc:

P = (1/4)(1/2)(1/2) = 1/16 = 0.0625, or 6.25%

The Binomial Expansion Equation Is Used to
Predict the Probability of an Unordered
Combination of Qutcomes

A second type of prediction in genetics is to determine the proba-
bility that a certain proportion of offspring will be produced with
particular characteristics; here they can be produced in an un-
specified order. For example, we can consider a group of children
produced by two heterozygous brown-eyed (Bb) individuals. We
can ask the question, What is the probability that two out of five
children will have blue eyes?

In this case, we are not concerned with the order in which
the offspring are born. Instead, we are only concerned with the
final numbers of blue-eyed and brown-eyed offspring. To solve
this type of question, the binomial expansion equation can be
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used. This equation represents all of the possibilities for a given
set of two unordered outcomes.

n!
X

g

~xXl(n—x)!
where
P = the probability that the unordered outcome will occur
n = total number of outcomes
X
p

q = individual probability of the other category
(e.g., brown eyes)

number of outcomes in one category (e.g., blue eyes)

individual probability of x

Note: In this case,p + g = 1.

The symbol ! denotes a factorial. That is, n! is the product of
all integers from n down to 1. For example, 4! =4 X3 x 2 x 1 =24.
An exception is 0!, which equals 1.

The use of the binomial expansion equation is described next.

The Cross: Bb X Bb
The Question: What is the probability that two out of five off-
spring will have blue eyes?

Step 1. Calculate the individual probabilities of the blue-eye and
brown-eye phenotypes. If we constructed a Punnett
square, we would find the probability of blue eyes is 1/4
and the probability of brown eyes is 3/4:

p=1/4
q=73/4
Step 2. Determine the number of outcomes in category x (in this
case, blue eyes) versus the total number of outcomes. In
this example, the number of outcomes in category x is
two blue-eyed children among a total number of five.
x=2
n=>5
Step 3. Substitute the values for p, q, x, and n in the binomial
expansion equation.

n! 5
T - P?

— L 2 5-2
P= s (1/4)2(3/4)

S5x4x3x2x1
= 1/16)(27/64
2x1)Bx2x1) ( ) )

P =0.26, or 26%

Thus, the probability is 0.26 that two out of five offspring will
have blue eyes. In other words, 26% of the time we expect a Bb X Bb
cross yielding five offspring to have two blue-eyed children and
three brown-eyed children.

When more than two outcomes are possible, we use a multi-
nomial expansion equation to solve a problem involving an unor-
dered number of outcomes. A general expression for this equation is

n!

_— a
P= e P

bye ...

where

P = the probability that the unordered number of outcomes

will occur
n = total number of outcomes
a+b+c+...=n
p+rg+r+...=1

(p is the likelihood of a, g is the likelihood of b, r is the
likelihood of ¢, and so on)

The multinomial expansion equation can be useful in many ge-
netic problems where more than two combinations of offspring
are possible. For example, this formula can be used to solve
problems involving an unordered sequence of outcomes in a two-
factor cross (see question 4 in More Genetics TIPS at the end of
this chapter).

The Chi Square Test Is Used to Test the
Validity of a Genetic Hypothesis

Let’s now consider a different issue in genetic problems, namely
hypothesis testing. Our goal here is to determine if the data from
genetic crosses are consistent with a particular pattern of inheri-
tance. For example, a geneticist may study the inheritance of body
color and wing shape in fruit flies over the course of two genera-
tions. The following question may be asked about the F, genera-
tion: Do the observed numbers of offspring agree with the
predicted numbers based on Mendel’s laws of segregation and in-
dependent assortment? As we will see in Chapters 4 through 6, not
all traits follow a simple Mendelian pattern of inheritance. Some
genes do not segregate and independently assort themselves the
same way that Mendel’s seven characters did in pea plants.

To distinguish inheritance patterns that obey Mendel’s
laws from those that do not, a conventional strategy is to make
crosses and then quantitatively analyze the offspring. Based on
the observed outcome, an experimenter may make a tentative
hypothesis. For example, the data may seem to obey Mendel’s
laws. Hypothesis testing provides an objective, statistical
method to evaluate whether the observed data really agree with
the hypothesis. In other words, we use statistical methods to
determine whether the data that have been gathered from crosses
are consistent with predictions based on quantitative laws of
inheritance.

The rationale behind a statistical approach is to evaluate the
goodness of fit between the observed data and the data that are
predicted from a hypothesis. This is sometimes called a null
hypothesis because it assumes there is no real difference between
the observed and expected values. Any actual differences that
occur are presumed to be due to random sampling error. If the
observed and predicted data are very similar, we conclude that the
hypothesis is consistent with the observed outcome. In this case, it
is reasonable to accept the hypothesis. However, it should be
emphasized that this does not prove that a hypothesis is correct.
Statistical methods can never prove that a hypothesis is correct.
They can provide insight as to whether or not the observed data
seem reasonably consistent with the hypothesis. Alternative hypoth-
eses, perhaps even ones that the experimenter has failed to realize,
may also be consistent with the data. In some cases, statistical



methods may reveal a poor fit between hypothesis and data. In other
words, a high deviation may be found between the observed and
expected values. If this occurs, the hypothesis is rejected. Hopefully,
the experimenter can subsequently propose an alternative hypothesis
that has a better fit with the data.

One commonly used statistical method to determine good-
ness of fit is the chi square test (“chi square” is often written x?).
We can use the chi square test to analyze population data in which
the members of the population fall into different categories. We
typically have this kind of data when we evaluate the outcomes of
genetic crosses, because these usually produce a population of
offspring that differ with regard to phenotypes. The general for-
mula for the chi square test is

_ Z(O - E)
E

2

where

O = observed data in each category

E = expected data in each category based on the experi-
menter’s hypothesis

2 means to sum the data values for each category. For

example, if the population data fell into two categories,

the chi square calculation would be

_ (01 - E])2 (02 - E2)2

+
El E2

2

X

We can use the chi square test to determine if a genetic hy-
pothesis is consistent with the observed outcome of a genetic
cross. The strategy described next provides a step-by-step outline
for applying the chi square testing method. In this problem, the
experimenter wants to determine if a two-factor cross obeys
Mendel’s laws. The experimental organism is Drosophila melano-
gaster (the common fruit fly), and the two characters involve wing
shape and body color. Straight wing shape and curved wing shape
are designated by ¢* and c, respectively; gray body color and eb-
ony body color are designated by e* and e, respectively. Note: In
certain species, such as Drosophila melanogaster, the convention
is to designate the common (wild-type) allele with a plus sign.
Recessive mutant alleles are designated with lowercase letters and
dominant mutant alleles with capital letters.

The Cross: A true-breeding fly with straight wings and a gray
body (c*ctete™) is crossed to a true-breeding fly with
curved wings and an ebony body (ccee). The flies of the
F, generation are then allowed to mate with each other to
produce an F, generation.

The Outcome:

F, generation: ~ All offspring have straight wings and gray
bodies

F, generation: 193 straight wings, gray bodies
69 straight wings, ebony bodies
64 curved wings, gray bodies
26 curved wings, ebony bodies
Total: 352
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Step 1. Propose a hypothesis that allows us to calculate the ex-
pected values based on Mendel’s laws. The F, generation
suggests that the trait of straight wings is dominant to
curved wings and gray body coloration is dominant to
ebony. Looking at the F, generation, it appears that the
data follow a 9:3:3:1 ratio. If so, this is consistent with
an independent assortment of the two characters.

Based on these observations, the hypothesis is the
following:

Straight (¢*) is dominant to curved (c), and gray (e*) is
dominant to ebony (e). The two characters segregate and
assort independently from generation to generation.

Step 2. Based on the hypothesis, calculate the expected values of
the four phenotypes. We first need to calculate the individ-
ual probabilities of the four phenotypes. According to our
hypothesis, the ratio of the F, generation should be 9:3:3:1.
Therefore, the expected probabilities are as follows:

9/16 = straight wings, gray bodies
3/16 = straight wings, ebony bodies
3/16 = curved wings, gray bodies
1/16 = curved wings, ebony bodies

The observed F, generation contained a total of 352 indi-
viduals. Our next step is to calculate the expected num-
bers of each type of offspring when the total equals 352.
This is accomplished by multiplying each individual
probability by 352.

9/16 x 352 = 198 (expected number with straight wings,
gray bodies)

3/16 x 352 = 66 (expected number with straight wings,
ebony bodies)

3/16 x 352 = 66 (expected number with curved wings,
gray bodies)

1/16 x 352 = 22 (expected number with curved wings,
ebony bodies)

Step 3. Apply the chi square formula, using the data for the
expected values that have been calculated in step 2. In
this case, the data include four categories, and thus the
sum has four terms.

2 — (0, - El)2 (0, - Ez)z (05 - E3)2 0, - E4)2

x + + +
E, E, E, E,
,_(193-198)° (69 - 66)° (64667 (26— 22)"
Y 66 66 2

7> =0.134+0.14 + 0.06 + 0.73 = 1.06

Step 4. Interpret the calculated chi square value. This is done
using a chi square table.

Before interpreting the chi square value we obtained, we must
understand how to use Table 2.1. The probabilities, called P values,
listed in the chi square table allow us to determine the likelihood
that the amount of variation indicated by a given chi square value is
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TABLE 2.1
Chi Square Values and Probability

Null Hypothesis Rejected

Degrees of
Freedom P.099 0.95 0.80 0.50 0.20 0.05 0.01
1 0.000157 0.00393 0.0642 0.455  1.642 3.841 6.635
2 0.020 0.103 0.446 1.386  3.219 5.991 9.210
3 0.115 0.352 1.005 2.366  4.642 7.815 11.345
4 0.297 0.711 1.649 3.357  5.989 9.488 13.277
5 0.554 1.145 2.343 4351 7.289 11.070 15.086
6 0.872 1.635 3.070 5.348  8.558 12.592 16.812
7 1.239 2.167 3.822 6.346  9.803 14.067 18.475
8 1.646 2.733 4.594 7.344 11.030 15.507 20.090
9 2.088 3.325 5.380 8.343 12.242 16.919 21.666
10 2.558 3.940 6.179 9.342 13.442 18.307 23.209
15 5.229 7.261 10.307 14.339 19.311 24.996 30.578
20 8.260 10.851 14.578 19.337 25.038 31.410 37.566
25 11.524 14.611 18.940 24.337 30.675 37.652 44.314
30 14.953 18.493 23.364 29.336 36.250 43.773 50.892

Source: Fisher, R. A., and Yates, F. (1943) Statistical Tables for Biological, Agricultural, and Medical Research. Oliver and

Boyd, London.

due to random chance alone, based on a particular hypothesis. For
example, let’s consider a value (0.00393) listed in row 1. (The mean-
ing of the rows will be explained shortly.) Chi square values that are
equal to or greater than 0.00393 are expected to occur 95% of the
time when a hypothesis is correct. In other words, 95 out of 100
times we would expect that random chance alone would produce a
deviation between the experimental data and hypothesized model
that is equal to or greater than 0.00393. A low chi square value indi-
cates a high probability that the observed deviations could be due to
random chance alone. By comparison, chi square values that are
equal to or greater than 3.841 are expected to occur less than 5% of
the time due to random sampling error. If a high chi square value is
obtained, an experimenter becomes suspicious that the high devia-
tion has occurred because the hypothesis is incorrect.

A common convention is to reject the null hypothesis if the
chi square value results in a probability that is less than 0.05 (less
than 5%) or if the probability is less than 0.01 (less than 1%).
These are called the 5% and 1% significance levels, respectively.
Which level is better to choose? The choice is somewhat subjec-
tive. If you choose a 5% level rather than a 1% level, a disadvan-
tage is that you are more likely to reject a null hypothesis that
happens to be correct. Even so, choosing a 5% level rather than a
1% level has the advantage that you are less likely to accept an
incorrect null hypothesis.

In our problem involving flies with straight or curved wings
and gray or ebony bodies, we have calculated a chi square value of
1.06. Before we can determine the probability that this deviation
occurred as a matter of random chance, we must first determine the
degrees of freedom (df) in this experiment. The degrees of free-
dom is a measure of the number of categories that are independent
of each other. When phenotype categories are derived from a Punnett

square, it is typically n — 1, where n equals the total number of cat-
egories. In the preceding problem, n = 4 (the categories are the
phenotypes: straight wings and gray body; straight wings and ebony
body; curved wings and gray body; and curved wings and ebony
body); thus, the degrees of freedom equals 3.* We now have suffi-
cient information to interpret our chi square value of 1.06.

With df = 3, the chi square value of 1.06 we have obtained is
slightly greater than 1.005, which gives a P value of 0.80, or 80%.
What does this P value mean? If the hypothesis is correct, chi
square values equal to or greater than 1.005 are expected to occur
80% of the time based on random chance alone. To reject the null
hypothesis at the 5% significance level, the chi square would have
to be greater than 7.815. Because it was actually far less than this
value, we accept that the null hypothesis is correct.

‘We must keep in mind that the chi square test does not prove
a hypothesis is correct. It is a statistical method for evaluating
whether the data and hypothesis have a good fit.

2.5 COMPREHENSION QUESTIONS

1. Across is made between AA Bb Cc Dd and Aa Bb cc dd individu-
als. Rather than making a very large Punnett square, which sta-
tistical operation could you use to solve this problem, and what
would be the probability of an offspring that is AA bb Cc dd?

a. Product rule, 1/32

b. Product rule, 1/4
c¢. Binomial expansion, 1/32
d. Binomial expansion, 1/4

*If the hypothesis already assumed that the law of segregation is obeyed, the
degrees of freedom would be 1 (see Chapter 6).



2. In dogs, brown fur color (B) is dominant to white (b). A cross is
made between two heterozygotes. If a litter contains six pups,
what is the probability that half of them will be white?

a. 0.066, or 6.6% c. 0.25,0r 25%

b. 0.13, or 13% d. 0.26, or 26%
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3. Which of the following operations could be used for hypothesis
testing?

a. Product rule ¢. Chisquare test

b. Binomial expansion d. All of the above
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CHAPTER

* Early ideas regarding inheritance of traits included pangenesis
and blending inheritance. These ideas were later refuted by the
work of Mendel.

2.1 Mendel’s Study of Pea Plants

* Mendel chose pea plants as his experimental organism because
it was easy to carry out self-fertilization or cross-fertilization
experiments with these plants, and because pea plants were
available in several varieties in which a character existed in two
distinct variants (see Figures 2.1, 2.2, 2.3, 2.4).

2.2 Law of Segregation

¢ By conducting single-factor crosses, Mendel proposed three key
ideas regarding inheritance: (1) Traits may be dominant or re-
cessive. (2) Genes are passed unaltered from generation to gen-
eration. (3) The law of segregation states the following: The two
copies of a gene segregate (or separate) from each other during
transmission from parent to offspring (see Figures 2.5, 2.6).

e A Punnett square is used to deduce the outcome of single-factor
crosses and self-fertilization experiments.

2.3 Law of Independent Assortment

* By conducting two-factor crosses, Mendel proposed the law of
independent assortment: Two different genes will randomly

2.3: two-factor crosses, nonparentals, Mendel’s law of indepen-
dent assortment, genetic recombination, multiplication
method, forked-line method, loss-of-function alleles

2.4: pedigrees, pedigree analysis

2.5: probability, random sampling error, product rule, binomial
expansion equation, multinomial expansion equation, hypoth-
esis testing, goodness of fit, null hypothesis, chi square test,
P values, degrees of freedom

SUMMARY

assort their alleles during the formation of haploid cells (see
Figures 2.8, 2.9).

* A Punnett square can be used to predict the outcome of two-
factor crosses (see Figure 2.10).

e The multiplication and forked-line methods are used to solve
the outcomes of crosses involving three or more genes (see
Figure 2.11).

2.4 Studying Inheritance Patterns in Humans

* Human inheritance patterns are determined by analyzing fam-
ily trees known as pedigrees (see Figure 2.12).

2.5 Probability and Statistics

e Probability is the number of times an outcome occurs divided
by the total number of outcomes.

e According to the product rule, the probability that two or
more independent outcomes will occur is equal to the pro-
duct of their individual probabilities. This rule can be used
to predict the outcome of crosses involving two or more
genes.

* The binomial expansion equation is used to predict the proba-
bility of a given set of two unordered outcomes.

e The chi square test is used to test the validity of a hypothesis
(see Table 2.1).

PROBLEM SETS & INSIGHTS

MORE GEN ETlC TI PS 1. As described in this chapter,

a human disease known as cystic fibrosis is inherited as a recessive trait.
Two unaffected individuals have a first child with the disease. What is
the probability that their next two children will not have the disease?

OOPIC: What topic in genetics does this question address? The
topic is Mendelian inheritance. More specifically, the question is
about a single-factor cross involving cystic fibrosis.

o NFORMATION: What information do you know based on the
question and your understanding of the topic? From the
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question, you know that both parents are unaffected, but they
produced an affected offspring who must be homozygous for the
recessive allele. Therefore, both parents must be heterozygotes.
If C is the common (nondisease-causing) allele and c is the
disease-causing allele, the genotype of each parent must be Cc.
From your understanding of the topic, you may remember how to
use a Punnett square to predict the outcome of a cross. You may
also realize that the phenotypes of the offspring are independent
outcomes and that the product rule can be used to solve this

type of problem.

G ROBLEM-SOLVING TRATEGY: Predict the outcome.
Make a calculation. As shown next, you can make a Punnett
square to predict the ratio of affected to unaffected offspring.

O" C c
9 C = common allele
c e Cc ¢ = cystic fibrosis allele
c Ce GG

To calculate the probability of two unaffected offspring in a row,
you need to consider two things. First, you need to know the
probability of having an unaffected offspring. This probability is
deduced from the Punnett square. You then use the product rule
to calculate the likelihood of having two unaffected offspring in
a row.

ANSWER: The genotypes of the offspring are 1 CC: 2Cc : 1 cc. The
ratio of the phenotypes is 3 unaffected : 1 affected with cystic fibrosis.
The probability of a single unaffected offspring is

Punatteciea = 3/(3 + 1) = 3/4
To obtain the probability of having two unaffected offspring in a row
(i.e., in a specified order), you apply the product rule.
3/4 x 3/4 =9/16 = 0.56, or 56%
The chance that the couple’s next two children will be unaffected is 56%.

2. In dogs, black fur color is dominant to white. Two heterozygous
black dogs are mated. What is the probability of the following
combinations of offspring?

A. A litter of six pups, four with black fur and two with white fur.

B. A first litter of six pups, four with black fur and two with white
fur, and then a second litter of seven pups, five with black fur
and two with white fur.

o OPIC: What topic in genetics does this question address? The
topic is Mendelian inheritance. More specifically, the question is
about a single-factor cross involving fur color in dogs.

o NFORMATION: What information do you know based on the
question and your understanding of the topic? From the

question, you know that black fur is dominant to white fur and that
the parents are heterozygotes. If B is the black allele and b is the
white allele, the genotype of each parent must be Bb. From your
understanding of the topic, you may remember how to use a Punnett
square to predict the outcome of a cross. You may also realize that
each litter is an unordered combination of two different outcomes
and, therefore, the binomial expansion can be used to calculate
the probability of each litter.

o ROBLEM-SOLVING TRATEGY: Predict the outcome.
Make a calculation. To begin this problem, you need to know the
probability of producing black offspring compared to white offspring.
This can be deduced from a Punnett square, which is shown next.

g B b
9 B = black
B BB Bb b = white
b Bb bb

For part A, you can derive probabilities for black and white fur
from the Punnett square, and then use those values in the binomial
expansion equation. For part B, you need two types of calculations.
To determine the probability of each litter occurring, you can use
the binomial expansion equation. Because each litter is an
independent outcome, you multiply the probability of the first
litter times the probability of the second litter to get the probability
of both litters happening in this order.

ANSWER: From the Punnett square, you can deduce that the prob-
ability of black fur is 3/4, or 0.75, and the probability of white fur
is 1/4, or 0.25.

A. Because this is an unordered combination of outcomes, you use
the binomial expansion equation, where n = 6, x =4, p = 0.75
(probability of black), and ¢ = 0.25 (probability of white).

The answer is that such a litter will occur 0.297, or 29.7%, of
the time.

B. The two litters occur in a row, so they are independent out-
comes. Therefore, you use the product rule. Multiply the prob-
ability of the first litter times the probability of the second litter.
You need to use the binomial expansion equation for each litter:
(binomial expansion of the first litter)(binomial expansion of the
second litter).

For the first litter, n = 6, x =4, p = 0.75, ¢ = 0.25. For the sec-
ond litter, n =7, x =5, p =0.75, ¢ = 0.25.

The answer is that two such litters will occur in this order 0.092,
or 9.2%, of the time.

3. A pea plant is heterozygous for three genes (7t Rr Yy), where

T = tall, r = dwarf, R = round seeds, r = wrinkled seeds, ¥ = yellow
seeds, and y = green seeds. Tall, round, and yellow are the dominant
traits. What is the probability that an offspring from self-fertilization
of this plant will be tall with wrinkled, yellow seeds?



OPIC: What topic in genetics does this question address? The
topic is Mendelian inheritance. More specifically, the question is
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ANSWER: The probability of an offspring being tall with wrinkled,
yellow seeds is

about a three-factor self-fertilization experiment in pea plants. 3/4 % 1/4 X 3/4 = 9/64 = 0.14. or 14%

oNFORMATION: What information do you know based on the
question and your understanding of the topic? In the question,
you are given the genotype of a pea plant and told that it is self-
fertilized. From your understanding of the topic, you may remember
how to use a Punnett square to predict the outcome of a self-
fertilization experiment. You may also realize how to use the
multiplication method to solve three-factor experiments.

4. A pea plant that is (RrYy) is allowed to self-fertilize. Round seed
(R) is dominant to wrinkled (r), and yellow seed (Y) is dominant to
green (y). What is the probability of producing the following group
of five seeds: two round, yellow; one round, green; one wrinkled,
yellow; and one wrinkled, green?

OPIC: What topic in genetics does this question address? The

0 ROBLEM-SOLVING e TRATEGY: Predict the outcome. topic is Mendelian inheritance. More specifically, the question is

Make a calculation. Instead of constructing a large, 64-box
Punnett square, you can make smaller Punnett squares to determine
the probability of offspring inheriting each of the three genes and
having particular phenotypes.

about a two-factor experiment in pea plants.

o NFORMATION: What information do you know based on the
question and your understanding of the topic? In the question,
you are given the genotype of a pea plant and told that it is self-
fertilized. From your understanding of the topic, you may remember

g T t how to use a Punnett square to predict the outcome of a self-
9 fertilization experiment. You may also realize how to use the
T Tt multinomial expansion equation to predict the probability of an
T Tal Tal unordered combination of offspring having more than two phenotypes.
a a
o ROBLEM-SOLVING e TRATEGY: Predict the outcome.
Tt Make a calculation. To begin to solve this problem, you need
t to know the probability of producing the four types of offspring
Tall described in the question. As shown earlier at the bottom of
Figure 2.8, this can be determined from a Punnett square. The
3tall : 1 dwarf phenotypic ratio is: 9 round, yellow; 3 round, green; 3 wrinkled,
yellow; and 1 wrinkled, green.
g R r The probability of a round, yellow seed: p = 9/16
9 The probability of a round, green seed: ¢ = 3/16
RR R e .
e r The probability of a wrinkled, yellow seed: r = 3/16
B B The probability of a wrinkled, green seed: s = 1/16
With regard to the multinomial expansion equation,
Rr n=5a=2b=1c=1d=1
’
Round ANSWER: Substitute the values in the multinomial expansion equation.
3 round : 1 wrinkled _ n! 4o bocod
P= a7
5!
- 2 1 1 1
d v y P—2!1!1!1! (9/16)*(3/16)'(3/16)'(1/16)
9 vy vy P =0.04,0r 4%
Y This means that 4% of the time you would expect to obtain five
Yellow Yellow offspring with the phenotypes described in the question.
Yy 5. A cross was made between a plant that has blue flowers and purple
y seeds and a plant with white flowers and green seeds. The F, generation
Yellow was then allowed to self-fertilize. The following data were obtained:

3yellow : 1 green F, generation: All offspring have blue flowers with purple seeds.

F, generation: 208 blue flowers, purple seeds; 13 blue flowers,
green seeds; 19 white flowers, purple seeds; and 60 white flowers,
green seeds. Total = 300 offspring.

Next, you use the multiplication method. Multiply the specified
combinations together. In this case, tall = 3/4, wrinkled = 1/4,
and yellow = 3/4.
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Start with the hypothesis that blue flowers and purple seeds are
dominant traits and that the two genes assort independently.
Calculate a chi square value. What does this value mean with
regard to your hypothesis? If you decide to reject your hypothesis,
which aspect of the hypothesis do you think is incorrect (i.e., blue
flowers and purple seeds are dominant traits, or the idea that the
two genes assort independently)?

GOPIC: What topic in genetics does this question address?

The topic is hypothesis testing. More specifically, the question is
about evaluating the dominant and recessive relationships of the
two genes and determining if they are obeying the law of
independent assortment.

o NFORMATION: What information do you know based on the

GROBLEM-SOLVING

question and your understanding of the topic? From the
question, you know the outcome of a two-factor experiment. You
are given a starting hypothesis. From your understanding of the
topic, you may remember that this type of experiment should
produce a 9:3:3:1 ratio of the four types of F, offspring, according
to the law of independent assortment. (Alternatively, you could set
up a Punnett square and deduce the outcome of the F, generation.)
You may also remember that the chi square test can be used to
evaluate the validity of a hypothesis.

TRATEGY: Analyze data. One strategy
is to analyze the data by carrying out a chi square test. According

to the hypothesis, the F, generation should yield a ratio of 9 blue
flowers, purple seeds : 3 blue flowers, green seeds : 3 white
flowers, purple seeds : 1 white flower, green seeds. Because
there are a total of 300 offspring produced, the expected numbers
would be:

9/16 x 300 = 169 blue flowers, purple seeds
3/16 X 300 = 56 blue flowers, green seeds

3/16 x 300 = 56 white flowers, purple seeds
1/16 x 300 = 19 white flowers, green seeds

ANSWER: In this case, the data include four categories, and thus the
sum has four terms.

2 _ (01 - E1)2 4 (02 - E2)2 " (03 - E3)2 " (04 - E4)2
E, E, E, E,
(208 — 169)> (13 =56)> (19 —=56)> (60 — 19)2
= + + +
169 56 56 19
x> =1549

2

If you look up this value in the chi square table under 3 degrees of
freedom, the value is much higher than would be expected 1% of the
time by chance alone. Therefore, you would reject the hypothesis.
The idea that the two genes are assorting independently seems to be
incorrect. The F; generation supports the idea that blue flowers and
purple seeds are dominant traits. Note: we will discuss why
independent assortment may not occur in Chapter 6.

Conceptual Questions

CI.
C2.

C3.

C4.

Cs.

C6.

C7.

C8.

Co.

C10.

Why did Mendel’s work refute the idea of blending inheritance?

What is the difference between cross-fertilization and
self-fertilization?

Describe the difference between genotype and phenotype. Give
three examples. Is it possible for two individuals to have the same
phenotype but different genotypes?

With regard to genotypes, what is a true-breeding organism?

How can you determine whether an organism is heterozygous or
homozygous for a dominant trait?

In your own words, describe Mendel’s law of segregation. Do not
use the word segregation in your answer.

Based on genes in pea plants that we have considered in this
chapter, which statement(s) is/are not correct?

A. The gene causing tall plants is an allele of the gene causing
dwarf plants.

B. The gene causing tall plants is an allele of the gene causing
purple flowers.

C. The alleles causing tall plants and purple flowers are dominant.

In a cross between a heterozygous tall pea plant and a dwarf plant,
predict the ratios of the offspring’s genotypes and phenotypes.

Do you know the genotype of an individual with a recessive trait
and/or a dominant trait? Explain your answer.

A cross is made between a pea plant that has constricted pods (a
recessive trait; smooth is dominant) and is heterozygous for seed
color (yellow is dominant to green) and a plant that is heterozy-
gous for both pod texture and seed color. Construct a Punnett

CI11.

Cl12.

C13.

square that depicts this cross. What are the predicted outcomes of
genotypes and phenotypes of the offspring?

A pea plant that is heterozygous with regard to seed color (yellow
is dominant to green) is allowed to self-fertilize. What are the pre-
dicted outcomes of genotypes and phenotypes of the offspring?

Describe the significance of nonparentals with regard to the law of
independent assortment. In other words, explain how the appear-
ance of nonparentals refutes a linkage hypothesis.

For the following pedigrees, describe what you think is the most
likely inheritance pattern (dominant versus recessive). Explain your
reasoning. Filled (black) symbols indicate affected individuals.

B0
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S m &
IH_—-I'_ -2 5 11-4 _|H:-5|
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IV-1 IVQ V-3

(a)
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(b)

Ectrodactyly, also known as “lobster claw syndrome,” is a recessive
disorder in humans. If a phenotypically unaffected couple produces
an affected offspring, what are the following probabilities?

A. Both parents are heterozygotes.
B. An offspring is a heterozygote.
C. The next three offspring will be phenotypically unaffected.

D. Any two out of the next three offspring will be phenotypically
unaffected.

Identical twins are produced from the same sperm and egg (which
splits after the first mitotic division), whereas fraternal twins are
produced from separate sperm and separate egg cells. If two parents
with brown eyes (a dominant trait) produce one twin boy with blue
eyes, what are the following probabilities?

A. If the other twin is identical, he will have blue eyes.
B. If the other twin is fraternal, he or she will have blue eyes.

C. If the other twin is fraternal, he or she will transmit the blue
eye allele to his or her offspring.

D. The parents are both heterozygotes.

In cocker spaniels, solid coat color is dominant over spotted coat
color. If two heterozygous dogs were crossed to each other, what
would be the probability of the following combinations of offspring?

A. Alitter of five pups, four with solid fur and one with spotted fur.

B. A first litter of six pups, four with solid fur and two with spot-
ted fur, and then a second litter of five pups, all with solid fur.

C. A first litter of five pups, the firstborn with solid fur, and then
among the next four, three with solid fur and one with spotted
fur, and then a second litter of seven pups in which the first-
born is spotted, the second born is spotted, and the remaining
five are composed of four solid and one spotted animal.

D. A litter of six pups, the firstborn with solid fur, the second born
spotted, and among the remaining four pups, two with spotted
fur and two with solid fur.

A cross was made between a white male dog and two different black
females. The first female gave birth to eight black pups, and the sec-
ond female gave birth to four white and three black pups. What are
the likely genotypes of the male parent and the two female parents?
Explain whether you are uncertain about any of the genotypes.

In humans, the allele for brown eye color (B) is dominant to that
for blue eye color (b). If two heterozygous parents produce chil-
dren, what are the following probabilities?

CI9.

C20.

C21.

C22.

C23.

C24.
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A. The first two children have blue eyes.

B. A total of four children, two with blue eyes and the other two
with brown eyes.

C. The first child has blue eyes, and the next two have brown eyes.

Albinism, a condition characterized by a partial or total lack of
skin pigment, is a recessive human trait. If a phenotypically unaf-
fected couple produce an albino child, what is the probability that
their next child will be albino?

A true-breeding tall plant was crossed to a dwarf plant. Tallness is
a dominant trait. The F; individuals were allowed to self-fertilize.
What are the following probabilities for the F, generation?

A. The first plant is dwarf.
B. The first plant is dwarf or tall.

@]

. The first three plants are tall.

)

. For any seven plants, three are tall and four are dwarf.

sl

. The first plant is tall, and then among the next four, two are tall
and the other two are dwarf.

For pea plants with the following genotypes, list the possible gam-
etes that the plant can make:

A. TT Yy Rr C. TtYyRr
B. TtYY rr D. ttYyrr
An individual has the genotype Aa Bb Cc and makes an abnormal

gamete with the genotype AaBc. Does this gamete violate the law
of independent assortment or the law of segregation (or both)?
Explain your answer.

In people with maple syrup urine disease, the body is unable to
metabolize the amino acids leucine, isoleucine, and valine. One of
the symptoms is that the urine smells like maple syrup. An unaf-
fected couple produced six children in the following order: unaffected
daughter, affected daughter, unaffected son, unaffected son, affected
son, and unaffected son. The youngest unaffected son and an unaf-
fected woman have three children in the following order: affected
daughter, unaffected daughter, and unaffected son. Draw a pedigree
that describes this family. What type of inheritance (dominant or
recessive) would you propose to explain maple syrup urine disease?

Marfan syndrome is a rare inherited human disorder characterized
by unusually long limbs and digits plus defects in the heart (espe-
cially the aorta) and the eyes, among other symptoms. Following is
a pedigree for this disorder. Affected individuals are shown with
filled (black) symbols. What type of inheritance pattern do you
think is the most likely?
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C26.

C27.

C28.

C29.
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A true-breeding pea plant with round and green seeds was crossed
to a true-breeding plant with wrinkled and yellow seeds. Round
and yellow seeds are the dominant traits. The F; plants were
allowed to self-fertilize. What are the following probabilities for
the F, generation?

A. An F, plant with wrinkled, yellow seeds.
B. Three out of three F, plants with round, yellow seeds.

C. Five F, plants in the following order: two have round, yellow
seeds; one has round, green seeds; and two have wrinkled,
green seeds.

D. An F, plant will not have round, yellow seeds.

A true-breeding tall pea plant was crossed to a true-breeding dwarf
plant. What is the probability that an F; individual will be true-
breeding? What is the probability that an F; individual will be a
true-breeding tall plant?

What are the expected phenotypic ratios from the following cross:
Tt Rryy Aa X Tt rr YY Aa, where T = tall, t = dwarf, R = round,

r = wrinkled, Y = yellow, y = green, A = axial, @ = terminal; 7, R,
Y, and A are dominant alleles. Note: Consider using the multiplica-
tion method in answering this problem.

On rare occasions, an organism may have three copies of a
chromosome and therefore has three copies of the genes on that
chromosome (instead of the usual number of two copies). For
such a rare organism, the alleles for each gene usually segregate
so that a gamete will contain one or two copies of the gene. Let’s
suppose that a rare pea plant has three copies of the chromosome
that carries the height gene. Its genotype is 77t. The plant is also
heterozygous for the seed color gene, Yy, which is found on a
different chromosome. With regard to both genes, how many
types of gametes can this plant make, and in what proportions?
(Assume that it is equally likely that a gamete will contain one
or two copies of the height gene.)

Honeybees are unusual in that male bees (drones) have only one
copy of each gene, but female bees have two copies of their genes.
This difference arises because drones develop from eggs that have
not been fertilized by sperm cells. In bees, the trait of long wings
is dominant over short wings, and the trait of black eyes is domi-
nant over white eyes. If a drone with short wings and black eyes
was mated to a queen bee that is heterozygous for both genes, what

C30.

C31.

C32.

C33.

C34.

are the predicted genotypes and phenotypes of male and female
offspring? What are the phenotypic ratios if we assume an equal
number of male and female offspring?

A pea plant that is dwarf with green, wrinkled seeds was crossed
to a true-breeding plant that is tall with yellow, round seeds. The
F, generation was allowed to self-fertilize. What types of gametes,
and in what proportions, would the F; generation make? What
would be the ratios of genotypes and phenotypes of the F,
generation?

A true-breeding plant with round and green seeds was crossed to a
true-breeding plant with wrinkled and yellow seeds. The F; plants
were allowed to self-fertilize. What is the probability of obtaining
the following plants in the F, generation: two that have round,
yellow seeds; one with round, green seeds; and two with wrinkled,
green seeds?

Wooly hair is a rare dominant trait found in people of Scandina-
vian descent in which the hair resembles the wool of a sheep. A
male with wooly hair, who has a mother with straight hair, moves
to an island that is inhabited by people who are not of Scandina-
vian descent. Assuming that no other Scandinavians immigrate to
the island, what is the probability that a great-grandchild of this
male will have wooly hair? (Hint: You may want to draw a pedi-
gree to help you figure this out.) If this wooly-haired male has
eight great-grandchildren, what is the probability that one out of
eight will have wooly hair?

Huntington disease is a rare dominant trait that causes neurodegen-
eration later in life. A man in his thirties, who already has three
children, discovers that his mother has Huntington disease though
his father is unaffected. What are the following probabilities?

A. That the man in his thirties will develop Huntington disease.
B. That his first child will develop Huntington disease.

C. That one out of three of his children will develop Huntington
disease.

A woman with achondroplasia (a dominant form of dwarfism) and
a phenotypically unaffected man have seven children, all of whom
have achondroplasia. What is the probability of producing such a
family if this woman is a heterozygote? What is the probability
that the woman is a heterozygote if her eighth child does not have
this disorder?

Experimental Questions

El.

E2.

E3.

E4.

Describe three advantages of using pea plants as an experimental
organism.

Explain the technical differences between a cross-fertilization
experiment versus a self-fertilization experiment.

How long did it take Mendel to complete the experiment in
Figure 2.5?

For all seven characters described in the data of Figure 2.5,
Mendel allowed the F, plants to self-fertilize. He found that when
F, plants with recessive traits were crossed to each other, they
always bred true. However, when F, plants with dominant traits
were crossed, some bred true but others did not. A summary of
Mendel’s results is shown to the right.

F, Parents True-Breeding Non-True-Breeding Ratio
Round 193 372 1:1.9
Yellow 166 353 1:2.1
Gray 36 64 1:1.8
Smooth 29 71 1:2.4
Green 40 60 1:1.5
Axial 33 67 1:2.0
Tall 28 72 1:2.6
TOTAL: 525 1059 1:2.0




ES.

E6.

E7.

E8.

EO.

E10.

When considering the data in this table, keep in mind that they
describe the characteristics of the F, generation parents that had
displayed a dominant phenotype. These data were deduced by
analyzing the outcome of the F; generation. Based on Mendel’s
laws, explain why the ratios were approximately 1:2.

From the point of view of crosses and data collection, what are the ex-
perimental differences between a single-factor and a two-factor cross?

As in many animals, albino coat color is a recessive trait in guinea
pigs. Researchers removed the ovaries from an albino female guinea
pig and then transplanted ovaries from a true-breeding black guinea
pig. They then mated this albino female (with the transplanted ova-
ries) to an albino male. The albino female produced three offspring.
What were their coat colors? Explain the results.

The fungus Melampsora lini causes a disease known as flax rust.
Different strains of M. lini cause varying degrees of the rust disease.
Conversely, different strains of flax are resistant or sensitive to the
various varieties of rust. The Bombay variety of flax is resistant to
M. lini-strain 22 but sensitive to M. lini-strain 24. A strain of flax
called 770B is just the opposite; it is resistant to strain 24 but sensi-
tive to strain 22. When 770B was crossed to Bombay, all F; individ-
uals were resistant to both strain 22 and strain 24. When F,
individuals were self-fertilized, the following data were obtained:

43 resistant to strain 22 but sensitive to strain 24
9 sensitive to strain 22 and strain 24
32 sensitive to strain 22 but resistant to strain 24
110 resistant to strain 22 and strain 24
Explain the inheritance pattern for flax resistance and sensitivity
to M. lini strains.

For Mendel’s data for the experiment in Figure 2.8, conduct a chi
square analysis to determine if the data agree with Mendel’s law of
independent assortment.
Would it be possible to deduce the law of independent assortment
from a single-factor cross? Explain your answer.
In fruit flies, curved wings are recessive to straight wings, and ebony
body is recessive to gray body. A cross was made between true-
breeding flies with curved wings and gray bodies and flies with
straight wings and ebony bodies. The F; offspring were then mated to
flies with curved wings and ebony bodies to produce an F, generation.
A. Diagram the genotypes of this cross, starting with the parental
generation and ending with the F, generation.
B. What are the predicted phenotypic ratios of the F, generation?
C. Let’s suppose the following data were obtained for the F, generation:

114 curved wings, ebony body
105 curved wings, gray body
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Ell1.

E12.

E13.

El4.

E15.

111 straight wings, gray body
114 straight wings, ebony body

Conduct a chi square analysis to determine if the experimental data
are consistent with the expected outcome based on Mendel’s laws.

A recessive allele in mice results in an unusally long neck. Some-
times, during early embryonic development, the long neck causes
the embryo to die. An experimenter began with a population of
true-breeding normal mice and true-breeding mice with long
necks. Crosses were made between these two populations to pro-
duce an F; generation of mice with normal necks. The F; mice
were then mated to each other to obtain an F, generation. For the
mice that were born alive, the following data were obtained:

522 mice with normal necks

62 mice with long necks

What percentage of homozygous mice (that would have had long
necks if they had survived) died during embryonic development?

The data with Figure 2.5 show the results of the F, generation for
seven of Mendel’s experiments. Conduct a chi square analysis to
determine if these data are consistent with the law of segregation.

Let’s suppose you conducted an experiment involving genetic
crosses and calculated a chi square value of 1.005. There were four
categories of offspring (i.e., the degrees of freedom equaled 3).
Explain what the 1.005 value means. Your answer should include
the phrase “80% of the time.”

A tall pea plant with axial flowers was crossed to a dwarf plant
with terminal flowers. Tallness and axial flowers are dominant
traits. The following offspring were obtained: 27 tall, axial flow-
ers; 23 tall, terminal flowers; 28 dwarf, axial flowers; and 25
dwarf, terminal flowers. What are the genotypes of the parents?

A cross was made between two strains of plants that are agriculturally
important. One strain was disease-resistant but herbicide-sensitive;
the other strain was disease-sensitive but herbicide-resistant. A
plant breeder crossed the two plants and then allowed the F; gen-
eration to self-fertilize. The following data were obtained:

F, generation: ~ All offspring are disease-sensitive and

herbicide-resistant

F, generation: 157 disease-sensitive, herbicide-resistant
57 disease-sensitive, herbicide-sensitive
54 disease-resistant, herbicide-resistant

20 disease-resistant, herbicide-sensitive

Total: 288

Formulate a hypothesis that you think is consistent with the observed
data. Test the goodness of fit between the data and your hypothesis
using a chi square test. Explain what the chi square results mean.

Questions for Student Discussion/Collaboration

1.

Consider this cross in pea plants: 7t Rr yy Aa X Tt rr Yy Aa, where
T = tall, r = dwarf, R = round, r = wrinkled, Y = yellow, y = green,
A = axial, a = terminal. What is the expected phenotypic outcome
of this cross? Have one group of students solve this problem by
making one big Punnett square, and have another group solve it by
making four single-gene Punnett squares and using the multiplica-
tion method. Time each other to see who gets done first.

. A cross was made between two pea plants, TtAa and Ttaa, where

T = tall, t = dwarf, A = axial, and a = terminal. What is the probabil-
ity that the first three offspring will be tall with axial flowers or

dwarf with terminal flowers and the fourth offspring will be tall with
axial flowers? Discuss what operation(s) (e.g., product rule or bino-
mial expansion equation) you used and in what order they were used.
Consider this four-factor cross: Tt Rr yy Aa X Tt RR Yy aa, where

T = tall, t = dwarf, R = round, r = wrinkled, Y = yellow, y = green,
A = axial, a = terminal. What is the probability that the first three plants
will have round seeds? What is the easiest way to solve this problem?

Note: All answers appear in Connect; the answers to the even-numbered
questions and all of the Concept Check and Comprehension Questions
are in Appendix B.
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CHROMOSOME TRANSMISSION
DURING CELL DIVISION
AND SEXUAL REPRODUCTION

In Chapter 2, we considered some patterns of inheritance that ex-
plain the passage of traits from parent to offspring. In this chapter,
we begin by considering the general features of chromosomes and
how they are observed under the microscope. We will then exam-
ine how bacterial and eukaryotic cells divide. During cell division,
eukaryotic cells can sort their chromosomes in two different ways.
One process, called mitosis, sorts chromosomes so that each
daughter cell receives the same number and types of chromosomes
as the original mother cell had. A second process, called meiosis,
results in daughter cells with half the number of chromosomes that
the mother cell had. Meiosis is needed for sexual reproduction in
eukaryotic species, such as animals and plants. During sexual re-
production, gametes with half the number of chromosomes unite
at fertilization.

Finally, we end this chapter by examining the chromosome
theory of inheritance that explains the relationship between the
transmission of chromosomes during sexual reproduction and the
pattern of transmission of traits observed by Mendel. In addition,
we will consider how chromosomes are involved with determining
sex in certain species and how researchers were able to show that
certain genes are located on sex chromosomes.

46

3.1 GENERAL FEATURES OF

CHROMOSOMES

Learning Outcomes:

1. Define the term chromosome.

2. Outline key differences between prokaryotic and eukaryotic
cells.

3. Describe the procedure for making a karyotype.

4. Compare and contrast the similarities and differences be-
tween homologous chromosomes.

The chromosomes are structures within living cells that contain
the genetic material. The term chromosome—meaning “colored
body”—refers to the microscopic observation of chromosomes
after they have been stained with dyes. Genes are physically lo-
cated within chromosomes. Biochemically, each chromosome
contains a very long segment of DNA, which is the genetic mate-
rial, and proteins, which are bound to the DNA and provide it with
an organized structure. In eukaryotic cells, this complex between
DNA and proteins is called chromatin. In this chapter, we will
focus on the cellular mechanics of chromosome transmission dur-
ing cell division to better understand the patterns of gene transmis-
sion that we considered in Chapter 2. In particular, we will examine
how chromosomes are copied and sorted into newly made cells.
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FIGURE 3.1 The basic organization of cells. (a) A prokaryotic cell. The example shown here is a typical bacterium, such as Escherichia coli,
which has an outer membrane. (b) A eukaryotic cell. The example shown here is a typical animal cell.

CONCEPT CHECK: Eukaryotic cells exhibit compartmentalization. Define compartmentalization.

Before we begin a description of chromosome transmission,
we need to consider the distinctive cellular differences between
bacterial and eukaryotic species. Bacteria and archaea are referred
to as prokaryotes, from the Greek meaning “prenucleus,” because
their chromosomes are not contained within a membrane-bound
nucleus of the cell. Prokaryotes usually have a single type of circu-
lar chromosome in a region of the cytoplasm called the nucleoid
(Figure 3.1a). The cytoplasm is enclosed by a plasma membrane
that regulates the uptake of nutrients and the excretion of waste
products. Outside the plasma membrane is a rigid cell wall that
protects the cell from breakage. Certain species of bacteria also
have an outer membrane located beyond the cell wall.

Eukaryotes, from the Greek meaning “true nucleus,” in-
clude some simple species, such as single-celled protists and some
fungi (such as yeast), and more complex multicellular species, such
as plants, animals, and other fungi. The cells of eukaryotic species
have internal membranes that enclose highly specialized com-
partments (Figure 3.1b). These compartments form membrane-
bound organelles with specific functions. For example, the
lysosomes play a role in the degradation of macromolecules. The
endoplasmic reticulum and Golgi body play a role in protein mod-
ification and trafficking. A particularly conspicuous organelle is
the nucleus, which is bounded by two membranes that constitute
the nuclear envelope. Most of the genetic material is found within



48 CHAPTER 3 ::

chromosomes, which are located in the nucleus. In addition to the
nucleus, certain organelles in eukaryotic cells contain a small
amount of their own DNA. These include the mitochondrion,
which functions in ATP synthesis, and the chloroplast, in plant and
algal cells, which functions in photosynthesis. The DNA found in
these organelles is referred to as extranuclear or extrachromo-
somal DNA to distinguish it from the DNA that is found in the cell
nucleus. We will examine the role of mitochondrial and chloro-
plast DNA in Chapter 5.

In this section, we will focus on the composition of chromo-
somes found in the nucleus of eukaryotic cells. As you will learn,
eukaryotic species contain genetic material that comes in sets of
linear chromosomes.

Eukaryotic Chromosomes Are Examined
Cytologically to Yield a Karyotype

Insights into inheritance patterns have been gained by observing
chromosomes under the microscope. Cytogenetics is the field of
genetics that involves the microscopic examination of chromo-
somes. The most basic observation that a cytogeneticist can make
is to examine the chromosomal composition of a particular cell.
For eukaryotic species, this is usually accomplished by observing
the chromosomes as they are found in actively dividing cells.
When a cell is preparing to divide, the chromosomes become more
tightly coiled, which shortens them and increases their diameter.
The consequence of this shortening is that distinctive shapes and
numbers of chromosomes become visible with a light microscope.
Each species has a particular chromosome composition. For
example, most human cells contain 23 pairs of chromosomes, for
a total of 46. On rare occasions, some individuals may inherit an
abnormal number of chromosomes or a chromosome with an ab-
normal structure. Such abnormalities can often be detected by a
microscopic examination of the chromosomes within actively divid-
ing cells. In addition, a cytogeneticist may examine chromosomes as
a way to distinguish between two closely related species.

Figure 3.2a shows the general procedure for preparing hu-
man chromosomes to be viewed by microscopy. In this example,
the cells were obtained from a sample of human blood; more spe-
cifically, the chromosomes within leukocytes (also called white
blood cells) were examined. Blood cells are a type of somatic cell.
This term refers to any cell of the body that is not a gamete or a
precursor to a gamete. The gametes (sperm and egg cells or their
precursors) are also called germ cells.

After the blood cells have been removed from the body, they
are treated with one chemical that stimulates them to begin cell divi-
sion and another chemical that halts cell division during mitosis,
which is described later in this chapter. As shown in Figure 3.2a,
these actively dividing cells are subjected to centrifugation to con-
centrate them. The concentrated preparation is then mixed with a
hypotonic solution that makes the cells swell. This swelling causes
the chromosomes to spread out within the cell, thereby making it
easier to see each individual chromosome. Next, the cells are treated
with a fixative that chemically freezes them so that the chromo-
somes will no longer move around. The cells are then treated with a
chemical dye that binds to the chromosomes and stains them. As
discussed in greater detail in Chapter 8, this gives chromosomes a
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distinctive banding pattern that greatly enhances the ability to visu-
alize and to uniquely identify them (also see Figure 8.1c, d). The
cells are then placed on a slide and viewed with a light microscope.

In a cytogenetics laboratory, the microscopes are equipped
with a camera that can photograph the chromosomes. In recent
years, advances in technology have allowed cytogeneticists to
view microscopic images on a computer screen (Figure 3.2b). On
the screen, the chromosomes can be organized in a standard way,
usually from largest to smallest. As seen in Figure 3.2¢, the hu-
man chromosomes are lined up, and a number is used to designate
each type of chromosome. An exception is the sex chromosomes,
which are designated with the letters X and Y. An organized rep-
resentation of the chromosomes within a cell is called a karyotype.
A karyotype reveals how many chromosomes are found within an
actively dividing somatic cell.

Eukaryotic Chromosomes Are Inherited in Sets

Most eukaryotic species are diploid or have a diploid phase to
their life cycle, which means that each type of chromosome is a
member of a pair. A diploid cell has two sets of chromosomes. In
humans, most somatic cells have 46 chromosomes—two sets of 23
each. Other diploid species, however, have different numbers of
chromosomes in their somatic cells. For example, the dog has 39
chromosomes per set (78 total), the fruit fly has 4 chromosomes
per set (8 total), and the tomato has 12 per set (24 total).

When a species is diploid, the members of a pair of chromo-
somes are called homologs; each type of chromosome is found in
a homologous pair. As shown in Figure 3.2c, for example, a hu-
man somatic cell has two copies of chromosome 1, two copies of
chromosome 2, and so forth. Within each pair, the chromosome on
the left is a homolog to the one on the right, and vice versa. In each
pair, one chromosome was inherited from the mother and its ho-
molog was inherited from the father. The two chromosomes in a
homologous pair are nearly identical in size, have the same band-
ing pattern, and contain a similar composition of genetic material.
If a particular gene is found on one copy of a chromosome, it is
also found on the other homolog. However, the two homologs may
carry different versions of a given gene, which are called alleles.
As discussed in Chapter 2, some alleles are dominant and mask
the expression of recessive alleles. As an example, let’s consider a
gene in humans, called OCA2, which is one of a few different
genes that affect eye color. The OCA2 gene is located on chromo-
some 15 and comes in variants that result in brown or blue eyes. In
a person with brown eyes, one copy of chromosome 15 may carry
a dominant brown allele, whereas its homolog could carry a reces-
sive blue allele.

At the molecular level, how similar are homologous chro-
mosomes? The answer is that the sequence of bases of one homo-
log usually differs by less than 1% relative to the sequence of the
other homolog. For example, the DNA sequence of chromosome 1
that you inherited from your mother is more than 99% identical to
the sequence of chromosome 1 that you inherited from your father.
Nevertheless, it should be emphasized that the sequences are not
completely identical. The slight differences in DNA sequences
provide the allelic differences in genes. Again, if we use the eye
color gene as an example, a slight difference in DNA sequence
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FIGURE 3.2 The procedure for making a human karyotype.

(b): © David Parker/Science Source; (c): © Leonard Lessin/Science Source

CONCEPT CHECK: How do you think the end results would be affected if the cells were not treated with a hypotonic solution?

distinguishes the brown and blue alleles. However, the striking on the X chromosome are not found on the Y chromosome, and
similarities between homologous chromosomes do not apply to vice versa. The X and Y chromosomes are not considered ho-
the pair of sex chromosomes—X and Y. These chromosomes dif- mologous chromosomes even though they do have short regions

fer in size and genetic composition. Certain genes that are found of homology.
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FIGURE 3.3 A comparison of homologous chromosomes.
Each pair of homologous chromosomes carries the same types of genes,
but, as shown here, the alleles may or may not be different.

CONCEPT CHECK: How are homologs similar to each other and how are
they different?

Figure 3.3 shows two homologous chromosomes with three
different genes labeled. An individual carrying these two chromo-
somes would be homozygous for the dominant allele of gene A,
which means that both homologs carry the same allele. The indi-
vidual is heterozygous, Bb, for the second gene, which means the
homologs carry different alleles. For the third gene, the individual
is homozygous for a recessive allele, c. The physical location of a
gene is called its locus (plural: loci). As seen in Figure 3.3, for
example, the locus of gene C is toward one end of this chromo-
some, whereas the locus of gene B is more in the middle.

3.1 COMPREHENSION QUESTIONS

1. Which of the following is not found in a prokaryotic cell?
a. Plasma membrane

b. Ribosome
¢. Cell nucleus
d. Cytoplasm
2. When preparing a karyotype, which of the following steps is
conducted?
a. Treat the cells with a drug that causes them to begin cell
division.
b. Treat the cells with a hypotonic solution that causes them to
swell.
c. Expose the cells to chemical dyes that bind to the chromo-
somes and stain them.
d. All of the above.
3. How many sets of chromosomes are found in a human somatic
cell, and how many chromosomes are within one set?
a. 2 sets, with 23 in each set
b. 23 sets, with 2 in each set
c. 1set, with 23 in each set
d. 23 sets, with 1in each set
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3.2 CELL DIVISION

Learning Outcomes:

1. Describe the process of binary fission in bacteria.
2. List and outline the phases of the eukaryotic cell cycle.

Now that we have an appreciation for the chromosomal composi-
tion of living cells, we can consider how chromosomes are copied
and transmitted when cells divide. One purpose of cell division is
asexual reproduction. In this process, a preexisting cell divides to
produce two new cells. By convention, the original cell is usually
called the mother cell, and the new cells are the two daughter cells.
In unicellular species, the mother cell is judged to be one organism,
and the two daughter cells are two new separate organisms. Asex-
ual reproduction is how bacterial cells proliferate. In addition,
certain unicellular eukaryotes, such as the amoeba and baker’s
yeast (Saccharomyces cerevisiae), can reproduce asexually.

Another purpose of cell division is multicellularity. Spe-
cies such as plants, animals, most fungi, and some protists are de-
rived from a single cell that has undergone repeated cellular
divisions. Humans, for example, begin as a single fertilized egg;
repeated cell divisions produce an adult with trillions of cells. The
precise transmission of chromosomes during every cell division is
critical so that all cells of the body receive the correct amount of
genetic material.

In this section, we will consider how the process of cell di-
vision requires the duplication, organization, and distribution of
the chromosomes. In bacteria, which have a single circular chro-
mosome, the division process is relatively simple. Prior to cell
division, bacteria duplicate their circular chromosome; they then
distribute a copy into each of the two daughter cells. This process,
known as binary fission, is described first. Eukaryotes have mul-
tiple chromosomes that occur as sets. This added complexity in
eukaryotic cells requires a more complicated sorting process to
ensure that each newly made cell receives the correct number and
types of chromosomes. A mechanism known as mitosis entails
the organization and distribution of eukaryotic chromosomes
during cell division.

Bacteria Reproduce Asexually by Binary Fission

As discussed earlier in this chapter (see Figure 3.1a), bacterial
species are typically unicellular, although individual bacteria may
associate with each other to form pairs, chains, or clumps. Unlike
eukaryotes, which have their chromosomes in a separate nucleus,
the circular chromosomes of bacteria are in direct contact with the
cytoplasm.

The capacity of bacteria to divide is really quite astounding.
Some species, such as Escherichia coli, a common bacterium of
the intestine, can divide every 20 to 30 minutes. Prior to cell divi-
sion, bacterial cells copy, or replicate, their chromosomal DNA.
This produces two identical copies of the genetic material, as
shown at the top of Figure 3.4. Following DNA replication, a
bacterial cell divides into two daughter cells by a process known
as binary fission. During this event, the two daughter cells
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FIGURE 3.4 Binary fission: the process by which bacterial
cells divide. Prior to division, the chromosome replicates to produce
two identical copies. These two copies segregate from each other, with
one copy going to each daughter cell.

CONCEPT CHECK: What is the function of the FtsZ protein during binary fission?

become separated from each other by the formation of a septum.
As seen in the figure, each cell receives a copy of the chromo-
somal genetic material. Except when rare mutations occur, the
daughter cells are usually genetically identical because they con-
tain exact copies of the genetic material from the mother cell.

Recent evidence has shown that bacterial species produce a
protein called FtsZ, which is important in cell division. This protein
assembles into a ring at the future site of the septum. FtsZ is thought
to be the first protein to move to this division site, and it recruits
other proteins that produce a new cell wall between the daughter
cells. FtsZ is evolutionarily related to a eukaryotic protein called
tubulin. As noted later in this chapter, tubulin is the main compo-
nent of microtubules, which play a key role in chromosome sorting
in eukaryotes. Both FtsZ and tubulin form structures that provide
cells with organization and play key roles in cell division.

Binary fission is an asexual form of reproduction because it
does not involve genetic contributions from two different gametes.
On occasion, bacteria can transfer small pieces of genetic material
to each other, which is described in Chapter 7.
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Eukaryotic Cells Advance Through a Cell Cycle to
Produce Genetically Identical Daughter Cells

The common outcome of eukaryotic cell division is the production
of two daughter cells that have the same number and types of chro-
mosomes as the original mother cell. This requires a replication
and division process that is more complicated than simple binary
fission. Eukaryotic cells that are destined to divide advance
through a series of phases known as the cell cycle (Figure 3.5).
These phases are named G for gap, S for synthesis (of the genetic
material), and M for mitosis. There are two G phases: G; and G,.
The term gap originally described the gaps between S phase and
mitosis in which it was not microscopically apparent that signifi-
cant changes were occurring in the cell. However, we now know
that both gap phases are critical periods in the cell cycle that
involve many molecular changes. In actively dividing cells, the Gy,
S, and G, phases are collectively known as interphase. In addi-
tion, cells may remain permanently, or for long periods of time, in
a phase of the cell cycle called G,. A cell in the G, phase is either
temporarily not advancing through the cell cycle or, in the case of
terminally differentiated cells such as most nerve cells in an adult
mammal, never dividing again.

During the G, phase, a cell may prepare to divide. Depending
on the cell type and the conditions the cell encounters, a cell in the G;
phase may accumulate molecular changes (e.g., produce new pro-
teins) that cause it to advance through the rest of the cell cycle. When
this occurs, cell biologists say that a cell has reached a restriction
point and is committed on a pathway that leads to cell division. Once
past the restriction point, the cell then advances to the S phase, dur-
ing which the chromosomes are replicated. After replication, the two
copies of a chromosome are called chromatids. They are joined to
each other at a region of DNA called the centromere to form a unit
known as a pair of sister chromatids, or a dyad (Figure 3.6). A
single chromatid within a dyad is called a monad. An unreplicated
chromosome can also be called a monad. The kinetochore is a group
of proteins that are bound to the centromere. These proteins help to
hold the sister chromatids together and also play a role in chromo-
some sorting, as discussed later in this chapter.

When S phase is completed, a cell actually has twice as
many chromatids as it had chromosomes in the G; phase. For ex-
ample, a human cell in the G, phase has 46 distinct chromosomes,
whereas in G,, it has 46 pairs of sister chromatids, for a total of 92
chromatids. The term chromosome can be a bit confusing because
it originally meant a distinct structure that is observable with the
microscope. Therefore, chromosome can refer either to a pair of
sister chromatids (a dyad) during G, and early stages of M phase
or to a structure that is observed at the end of M phase and during
G, which is a monad and contains the equivalent of one chromatid
(refer back to Figure 3.5).

During the G, phase, the cell accumulates the materials nec-
essary for nuclear and cell division. It then advances into the M
phase of the cell cycle, when mitosis occurs. The primary purpose
of mitosis is to distribute the replicated chromosomes, dividing
one cell nucleus into two nuclei, so each daughter cell receives the
same complement of chromosomes. For example, a human cell in
the G, phase has 92 chromatids, which are found in 46 pairs.
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FIGURE 3.5 The eukaryotic cell cycle. Dividing cells advance through a series of phases, denoted G, S, G,, and M. This diagram shows the
progression of a cell through mitosis to produce two daughter cells. The original diploid cell had three pairs of chromosomes, for a total of six individual
chromosomes. During S phase, these have replicated to yield 12 chromatids found in six pairs of sister chromatids. After mitosis and cytokinesis are
completed, each of the two daughter cells contains six individual chromosomes, just like the mother cell. Note: The chromosomes in Gy, Gy, S, and G,
phases are not actually condensed as shown here. In this drawing, they are shown partially condensed so they can be easily counted.

CONCEPT CHECK: What is the difference between the G, and G, phases?

During mitosis, these pairs of chromatids are separated and sorted c. begins with a single mother cell and produces two geneti-
so each daughter cell receives 46 chromosomes. cally identical daughter cells.
Mit(?sis was first observed m'icroscopical'ly in the 1870s by the d. is all of the above.
German biologist Walther Flemming, who coined the term mitosis 2. Which of the following is the correct order of phases of the eu-
(from the Greek mitos, meaning “thread”). He studied the dividing karyotic cell cycle?
epithelial cells of salamander larvae and noticed that chromosomes a G.G, S M '
were constructed of two parallel “threads.” These threads separated IR
. . b. G1y S, 621 M
and moved apart, one going to each of the two daughter nuclei. We
will examine the steps of mitosis in the next section. ¢ 61,6, M5
d. G, S, M, G,
3. What critical event occurs during the S phase of the eukaryotic
cell cycle?
3.2 COMPREHENSION QUESTIONS a. Cells make a decision of whether or not to divide.
1. Binary fission b. DNA replication produces pairs of sister chromatids.
a. is a form of asexual reproduction. ¢. The chromosomes condense.

b. is a way for bacteria to reproduce. d. The single nucleus is divided into two nuclei.
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FIGURE 3.6 Chromosomes following DNA replication. (a) The photomicrograph on the upper left shows a human karyotype. The large photo-
micrograph on the right shows a chromosome in a form called a dyad, or pair of sister chromatids. This chromosome is in the metaphase stage of mitosis,
which is described later in the chapter. Note: Each of the 46 chromosomes that are viewed in a human karyotype (upper left) is actually a pair of sister
chromatids. Look closely at the white rectangular boxes in the two insets. (b) A schematic drawing of sister chromatids. This structure has two chroma-
tids that lie side by side. As seen here, each chromatid is a distinct unit, called a monad. The two chromatids are held together by kinetochore proteins

that bind to each other and to the centromere of each chromatid.

(a): (top left & bottom inset) © Leonard Lessin/Science Source; (right): © Biophoto Associates/Science Source

CONCEPT CHECK: What is the difference between homologs and sister chromatids?

3.3 MITOSIS AND CYTOKINESIS

Learning Outcomes:

1. Describe the structure and function of the mitotic spindle.

2. List and describe the phases of mitosis.

3. Outline the key differences between cytokinesis in animal
and plant cells.

As we have seen, eukaryotic cell division involves a cell cycle in
which the chromosomes are replicated and later sorted so each
daughter cell receives the same amount of genetic material. This
process ensures genetic consistency from one generation of cells
to the next. In this section, we will examine the stages of mitosis
and cytokinesis in greater detail.

The Mitotic Spindle Apparatus Organizes and
Sorts Eukaryotic Chromosomes
Before we discuss the events of mitosis, let’s first consider the

structure of the mitotic spindle apparatus (also known simply as
the mitotic spindle), which is involved in the organization and

sorting of chromosomes (Figure 3.7). The spindle apparatus is
formed from microtubule-organizing centers (MTOCSs), which
are structures found in eukaryotic cells from which microtubules
grow. Microtubules are produced from the rapid polymerization of
tubulin proteins. In animal cells, the mitotic spindle is formed
from two MTOCs called centrosomes. Each centrosome is lo-
cated at a spindle pole. A pair of centrioles at right angles to each
other is found within each centrosome of animal cells. Centro-
somes and centrioles are found in animal cells but not in all eu-
karyotic species. For example, plant cells do not have centrosomes.
Instead, the nuclear envelope functions as an MTOC for spindle
formation in plant cells.

The mitotic spindle of a typical animal cell has three types
of microtubules (see Figure 3.7). The aster microtubules ema-
nate outward from the centrosome toward the plasma membrane.
They are important for the positioning of the spindle apparatus
within the cell and later in the process of cytokinesis. The polar
microtubules project toward the region where the chromosomes
will be found during mitosis—the region between the two spindle
poles. Polar microtubules that overlap with each other play a role
in the separation of the two poles. They help to “push” the poles
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FIGURE 3.7 The structure of the mitotic spindle in a typical animal
cell. During the cell cycle, a single centrosome duplicates in S phase and the two
centrosomes separate at the beginning of M phase. The mitotic spindle is formed
from microtubules that are rooted in the centrosomes. Each centrosome is located
at a spindle pole. The aster microtubules emanate away from the region between
the poles. They help to position the spindle within the cell and are used as refer-
ence points for cytokinesis. However, the mitotic spindle formed in many species,
such as plants, does not have aster microtubules. The polar microtubules project
into the region between the two poles; they play a role in pole separation. The
kinetochore microtubules are attached to the kinetochore of sister chromatids.

CHROMOSOME TRANSMISSION DURING CELL DIVISION AND SEXUAL REPRODUCTION

prophase, the chromosomes have already replicated, resulting
in 12 chromatids that are joined as six pairs of sister chroma-
tids (Figure 3.8b). As prophase proceeds, the nuclear mem-
brane begins to dissociate into small vesicles and the nucleolus
becomes less visible. At the same time, the chromatids become
condensed into more compact structures that are readily visi-
ble by light microscopy. The two centrosomes move apart and
the mitotic spindle begins to form.

Prometaphase As mitosis advances from prophase to pro-
metaphase, the centrosomes move to opposite ends of the cell
and demarcate two spindle poles, one within each of the future
daughter cells. During prometaphase, the nuclear membrane is
completely disrupted into vesicles allowing the spindle fibers to
interact with the sister chromatids (Figure 3.8c). How do sister
chromatids become attached to the spindle? Initially, microtu-
bules are rapidly formed and can be seen growing out from the
two poles. As a microtubule grows, if its end happens to make
contact with a kinetochore, the end is said to be captured and
remains firmly attached to the kinetochore. This random pro-
cess is how sister chromatids become attached to kinetochore
microtubules. Alternatively, if the end of a microtubule does not
collide with a kinetochore, the microtubule eventually depoly-
merizes and retracts to the centrosome. As the end of prometa-
phase nears, the kinetochore on a pair of sister chromatids is
attached to kinetochore microtubules from opposite poles. As
these events are occurring, the sister chromatids are seen to
undergo jerky movements as they are tugged, back and forth,
between the two poles. By the end of prometaphase, the mitotic
spindle is completely formed.

CONCEPT CHECK: Where are the two ends of a kinetochore microtubule?

away from each other. Finally, the Kkinetochore microtubules
have attachments to kinetochores, which are protein complexes
bound to the centromeres of individual chromosomes.

The mitotic spindle allows cells to organize and separate
chromosomes so each daughter cell receives the same comple-
ment of chromosomes. This sorting process, known as mitosis, is
described next.

The Transmission of Chromosomes During the
Division of Eukaryotic Cells Requires a Process
Known as Mitosis

The process of mitosis is shown for a diploid animal cell in
Figure 3.8. In the simplified diagrams shown along the bottom of
this figure, the original mother cell contains six chromosomes; it
is diploid (2n) and has three chromosomes per set (n = 3). One set
is shown in blue, and the homologous set is shown in red. As dis-
cussed next, mitosis is subdivided into phases known as prophase,
prometaphase, metaphase, anaphase, and telophase.

Prophase Prior to mitosis, the cells are in interphase, during
which the chromosomes are decondensed—Iess tightly compacted—
and found in the nucleus (Figure 3.8a). At the start of mitosis, in

Metaphase Eventually, the pairs of sister chromatids align

themselves along a plane called the metaphase plate. As

shown in Figure 3.8d, when this alignment is complete, the
cell is in metaphase of mitosis. At this point, each pair of chroma-
tids (each dyad) is attached to both poles by kinetochore microtu-
bules. The pairs of sister chromatids have become organized into a
single row along the metaphase plate. When this organizational
process is finished, the chromatids can be equally distributed into
two daughter cells.

Anaphase At anaphase, the connection that is responsible for
holding the pairs of chromatids together is broken (Figure 3.8e).
(We will examine the process of sister chromatid cohesion and sepa-
ration in more detail in Chapter 10.) Each chromatid or monad, now
an individual chromosome, is linked to only one of the two poles.
As anaphase proceeds, the chromosomes move toward the pole to
which they are attached. This involves a shortening of the kineto-
chore microtubules. In addition, the two poles themselves move
farther apart due to the elongation of the polar microtubules, which
slide in opposite directions due to the actions of motor proteins.

Telophase During telophase, the chromosomes reach their
respective poles and decondense. The nuclear membrane now
re-forms to produce two separate nuclei. In Figure 3.8f, this mem-
brane re-formation has produced two nuclei that contain six chro-
mosomes each. The nucleoli have also reappeared.
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FIGURE 3.8 The process of mitosis in an animal cell. The upper row of photos illustrates cells of a fish embryo advancing

/ through mitosis. The chromosomes are stained in blue and the spindle is green. The lower panels are schematic drawings that emphasize
NlINE the sorting and separation of the chromosomes. In this case, the original diploid cell had six chromosomes (three in each set). At the start
ANIMATION of mitosis, these have already replicated into 12 chromatids. The final result is two daughter cells, each containing six chromosomes.
(a—f): © Photomicrographs by Dr. Conly L. Rieder, Wadsworth Center, Albany, New York 12201-0509

CONCEPT CHECK: During which phase are sister chromatids separated and sent to opposite poles?

55
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Cytokinesis In most cases, mitosis is quickly followed by
cytokinesis, in which the two nuclei are segregated into separate
daughter cells. Likewise, cytokinesis also segregates cell organ-
elles, such as mitochondria and chloroplasts, into daughter cells. In
animal cells, cytokinesis begins shortly after anaphase. A contrac-
tile ring, composed of myosin motor proteins and actin filaments,
assembles at the cytoplasmic surface of the plasma membrane.
Myosin hydrolyzes ATP, which shortens the ring, thereby con-
stricting the plasma membrane to form a cleavage furrow that
ingresses, or moves inward (Figure 3.9a). Ingression continues
until the cell is divided into two cells.

In plants, the two daughter cells are separated by the forma-
tion of a cell plate (Figure 3.9b). At the end of anaphase, Golgi-
derived vesicles carrying cell wall materials are transported to the
equator of a dividing cell. The fusion of these vesicles gives rise to
the cell plate, which is a membrane-bound compartment. The cell
plate begins in the middle of the cell and expands until it attaches
to the mother cell’s wall. Once this attachment has taken place, the

Cleavage
furrow

(a) Cleavage of an animal cell

Cell plate

(b) Formation of a cell plate in a plant cell

FIGURE 3.9 Cytokinesis in animal and plant cells. (a) In an
animal cell, cytokinesis involves the formation of a cleavage furrow.
(b) In a plant cell, cytokinesis occurs via the formation of a cell plate
between the two daughter cells.

(a): © Don W. Fawcett/Science Source; (b): © Ed Reschke

CONCEPT CHECK: What causes the cleavage furrow in an animal cell to ingress?

CHROMOSOME TRANSMISSION DURING CELL DIVISION AND SEXUAL REPRODUCTION

cell plate undergoes a process of maturation and eventually sepa-
rates the mother cell into two daughter cells.

Outcome of Mitotic Cell Division Mitosis and cytokine-
sis ultimately produce two daughter cells having the same
number of chromosomes as the mother cell. Barring rare muta-
tions, the two daughter cells are genetically identical to each
other and to the mother cell from which they were derived. The
critical consequence of this sorting process is to ensure genetic
consistency from one somatic cell to the next. The develop-
ment of multicellularity relies on the repeated process of mito-
sis and cytokinesis. For diploid organisms that are multicellular,
most of the somatic cells are diploid and genetically identical
to each other.

GEN ETlC TI PS THE QUESTION: What are the functional

roles of the mitotic spindle in an animal cell? Explain how these
functions are related to the three types of microtubules: aster, polar,
and kinetochore microtubules.

OOPIC: What topic in genetics does this question address? The
topic is mitosis. More specifically, the question is about the role of
the mitotic spindle.

oNFORMATION: What information do you know based on the
question and your understanding of the topic? From the question,
you know there are three types of microtubules. From your
understanding of the topic, you may remember the structure of the
mitotic spindle, which is shown in Figure 3.7. Also, Figure 3.8
describes how the spindle plays different roles during mitosis.

0 ROBLEM-SOLVING TRATEGY: Define key terms. Describe
the steps. One strategy to begin solving this problem is to make
sure you understand the key terms. In particular, you may want to
look up the meaning of mitotic spindle and microtubules, if you
don’t already know what those terms mean. After you understand
the key terms, a problem-solving strategy is to describe the steps
of mitosis, and think about the roles of the types of microtubules
in the various steps. These steps are shown in Figure 3.8. You may
also want to refer back to Figure 3.7 as a guide to appreciate the
structure of the mitotic spindle.

ANSWER: The mitotic spindle is involved in sorting the chromo-
somes and promoting the division of one cell into two daughter cells.

» The polar microtubules overlap with each and push the poles apart
during anaphase.

« The aster microtubules help to orient the spindle in the cell and play
arole in cytokinesis.

« The kinetochore microtubules attach to chromosomes and aid in their
sorting. They are needed to align the chromosomes at the metaphase
plate and to pull the chromosomes to the poles during anaphase.



3.3 COMPREHENSION QUESTIONS

1. What is the function of the kinetochore during mitosis?
a. It promotes the attachment of monads to each other to
form a dyad.

b. Itis alocation where a kinetochore microtubule can attach
to a chromosome.

c. It promotes the condensation of chromosomes during
prophase.

d. Both aand b are correct.
2. Which phase of mitosis is depicted in the drawing below?
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3.4 MEIOSIS

Learning Outcomes:

1. List and describe the phases of meiosis.
2. Compare and contrast the key differences between mitosis
and meiosis.

In the previous section, we considered how a cell divides
to produce two new cells with identical complements of ge-
netic material. Diploid eukaryotic cells may also divide by an
alternative process called meiosis (from the Greek meaning
“less”). During meiosis, haploid cells, which contain a single
set of chromosomes, are produced from a cell that was origi-
nally diploid. For this to occur, the chromosomes must be
correctly sorted and distributed in a way that reduces the chro-
mosome number to half its original value. For example, in
humans, haploid gametes (sperm or egg cells) are produced by
meiosis. Each gamete must receive half the total number of
chromosomes, but not just any 23 chromosomes will do. A
gamete must receive one chromosome from each of the
23 pairs. In this section, we will examine how the phases of
meiosis lead to the formation of cells with a haploid comple-
ment of chromosomes.
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Meiosis Produces Cells That Are Haploid

The process of meiosis bears striking similarities to mitosis. Like
mitosis, meiosis begins after a cell has advanced through the G,
S, and G, phases of the cell cycle. However, meiosis involves two
successive divisions rather than one (as in mitosis). Prior to meio-
sis, the chromosomes are replicated in S phase to produce pairs of
sister chromatids. This single replication event is then followed by
two sequential cell divisions called meiosis I and II. Like mitosis,
each of these divisions is subdivided into prophase, prometaphase,
metaphase, anaphase, and telophase.

Prophase of Meiosis I Figure 3.10 emphasizes some of the
important events that occur during prophase of meiosis I, which is
further subdivided into stages known as leptotene, zygotene,
pachytene, diplotene, and diakinesis. During the leptotene stage,
the replicated chromosomes begin to condense and become visible
with a light microscope. Unlike prophase in mitosis, the zygotene
stage of prophase of meiosis I involves a recognition process
known as synapsis, in which the homologous chromosomes rec-
ognize each other and begin to align themselves along their entire
lengths. In most species, this involves the formation of a synapto-
nemal complex that forms between the homologous chromosomes.
At pachytene, the homologs have become completely aligned.
The associated chromatids are known as bivalents. Each bivalent
contains two pairs of sister chromatids, or a total of four chroma-
tids. A bivalent is also called a tetrad (from the prefix fetra-,
meaning “four”) because it is composed of four chromatids—that
is, four monads.

During the pachytene stage, when synapsis is complete, an
event known as crossing over usually occurs. Crossing over involves
a physical exchange of chromosome pieces. Depending on the size of
the chromosome and the species, an average eukaryotic chromosome
incurs from a couple to a couple dozen crossovers. During spermato-
genesis in humans, for example, an average chromosome undergoes
slightly more than 2 crossovers, whereas chromosomes in certain
plant species may undergo 20 or more crossovers. Recent research
has shown that crossing over is usually critical for the proper segre-
gation of chromosomes. Abnormalities in chromosome segregation
may be related to a defect in crossing over. In a high percentage of
people with Down syndrome, in which an individual has three copies
of chromosome 21 instead of two, research has shown that the pres-
ence of the extra chromosome is associated with a lack of crossing
over between homologous chromosomes.

In Figure 3.10, crossing over has occurred at a single site be-
tween two of the larger chromatids. The connection that results from
crossing over is called a chiasma (plural: chiasmata), because it
physically resembles the Greek letter chi, . We will consider the ge-
netic consequences of crossing over in Chapter 6 and the molecular
process of crossing over in Chapter 20. By the end of the diplotene
stage, the synaptonemal complex has largely disappeared. The chro-
matids within a bivalent pull apart slightly, and it becomes easier to
see in a microscopic view that a bivalent is actually composed of four
chromatids. In the last stage of prophase of meiosis I, diakinesis, the
synaptonemal complex completely disappears.
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STAGES OF PROPHASE OF MEIOSIS |

LEPTOTENE ZYGOTENE PACHYTENE DIPLOTENE DIAKINESIS
Nuclear Bivalent Chiasma Nuclear membrane
membrane forming breaking apart

Synaptonemal
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Q

Replicated chromosomes
condense.

Synapsis begins.

FIGURE 3.10 The events that occur during prophase of meiosis L.

CONCEPT CHECK: What is the end result of crossing over?

Prometaphase of Meiosis I  Figure 3.10 emphasized the pair-
ing and crossing over that occurs during prophase of meiosis I. In
Figure 3.11, we turn our attention to the general events in meiosis.
Prophase of meiosis I is followed by prometaphase, in which the
spindle apparatus is complete, and the chromatids are attached via
kinetochore microtubules.

Metaphase of Meiosis I At metaphase of meiosis I, the biva-
lents (tetrads) are organized along the metaphase plate. Before we
consider the rest of meiosis I, a particularly critical feature for
you to appreciate is how the bivalents are aligned along the meta-
phase plate. In particular, the pairs of sister chromatids are aligned
in a double row rather than a single row, as occurs in mitosis (re-
fer back to Figure 3.8d). Furthermore, the arrangement of sister
chromatids (dyads) within this double row is random with regard
to the blue and red homologs. In Figure 3.11, one of the blue ho-
mologs is above the metaphase plate and the other two are below,
whereas one of the red homologs is below the metaphase plate
and the other two are above.

In an organism that produces many gametes, meiosis can
produce many different arrangements of homologs—three blues
above and none below, or none above and three below, and so
on. As discussed later in this chapter, the random arrangement

A bivalent has formed and
crossing over has occurred.

Synaptonemal complex
dissociates.

End of prophase |

of homologs is consistent with Mendel’s law of independent as-
sortment. Because most eukaryotic species have several chro-
mosomes per set, the sister chromatids can be randomly aligned
along the metaphase plate in many possible ways. For example,
consider humans, who have 23 chromosomes per set. The pos-
sible number of different, random alignments equals 2", where n
equals the number of chromosomes per set. Thus, in humans,
this equals 223, or over 8 million, possibilities! Because the ho-
mologs are genetically similar but not identical, we see from
this calculation that the random alignment of homologous chro-
mosomes provides a mechanism to promote a vast amount of
genetic diversity.

In addition to the random arrangement of homologs within
a double row, a second distinctive feature of metaphase of meiosis I
is the attachment of kinetochore microtubules to the sister chroma-
tids (Figure 3.12). One pair of sister chromatids is linked to one of
the poles, and the homologous pair is linked to the opposite pole.
This arrangement is quite different from the kinetochore attach-
ment sites during mitosis in which a pair of sister chromatids is
linked to both poles (see Figure 3.8).

Anaphase of Meiosis I During anaphase of meiosis I, the two
pairs of sister chromatids within a bivalent separate from each
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? FIGURE 3.11 The stages of meiosis in an animal cell. See text for details.
CONCEPT CHECK: How do the four cells at the end of meiosis differ from the original mother cell?
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Kinetochore

FIGURE 3.12 Attachment of the kinetochore microtubules to
replicated chromosomes at metaphase of meiosis I. The kinetochore
microtubules from a given pole are attached to one pair of chromatids in
a bivalent, but not both. Therefore, each pair of sister chromatids is at-
tached to only one pole.

CONCEPT CHECK: How is this attachment of chromosomes to kinetochore
microtubules different from their attachment during metaphase of mitosis?

other (see Figure 3.11). However, the connection that holds sister
chromatids together does not break. Instead, each joined pair of
chromatids migrates to one pole, and the homologous pair of chro-
matids moves to the opposite pole. Another way of saying this is
that the two dyads within a tetrad separate from each other and
migrate to opposite poles.

Telophase of Meiosis I Finally, at telophase of meiosis I, the
sister chromatids have reached their respective poles, and decon-
densation occurs in most, but not all, species. In many species,
the nuclear membrane re-forms to produce two separate nuclei.
In the example of Figure 3.11, the end result of meiosis I is two
cells, each with three pairs of sister chromatids. It is a reduction
division. The original diploid cell had its chromosomes in ho-
mologous pairs, but the two cells produced at the end of meiosis
I are considered to be haploid; they do not have pairs of homolo-
gous chromosomes. The reduction division occurs because the
connection holding the sister chromatids together does not break
during anaphase.

Meiosis I The sorting events that occur during meiosis II are
similar to those that occur during mitosis, but the starting point is
different. For a diploid organism with six chromosomes, mitosis
begins with 12 chromatids that are joined as six pairs of sister
chromatids (refer back to Figure 3.8). In other words, mitosis be-
gins with six dyads in this case. By comparison, in such a diploid
organism, the two cells that begin meiosis II each have six chro-
matids that are joined as three pairs of sister chromatids; meiosis
II begins with three dyads in this case. Otherwise, the steps that
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TABLE 3.1

A Comparison of Mitosis, Meiosis I, and Meiosis 1T

Phase Event Mitosis Meiosis | Meiosis I
Prophase Synapsis No Yes No
Prophase Crossing Rarely Commonly Rarely

over

Prometaphase Attachment A pair of sister A pair of sister A pair of
to the poles chromatidsto chromatidsto sister

both poles one pole chromatids to
both poles
Metaphase Alignment  Sister Bivalents Sister
alongthe  chromatids chromatids
metaphase
plate
Anaphase Separation  Sister Bivalents Sister
of: chromatids chromatids
End result Two diploid Four haploid
cells cells

occur during prophase, prometaphase, metaphase, anaphase, and
telophase of meiosis II are analogous to a mitotic division.

Meiosis Versus Mitosis If we compare the outcome of meio-
sis (see Figure 3.11) to that of mitosis (see Figure 3.8), the results
are quite different. In these examples, mitosis produced two dip-
loid daughter cells with six chromosomes each, whereas meiosis
produced four haploid daughter cells with three chromosomes
each. In other words, meiosis has halved the number of chromo-
somes per cell. Table 3.1 describes key differences between mito-
sis and meiosis that account for the different outcomes of mitosis
and meiosis.

With regard to alleles, the results of mitosis and meiosis are
also different. The daughter cells produced by mitosis are geneti-
cally identical. However, the haploid cells produced by meiosis
are not genetically identical to each other because they contain
only one homologous chromosome from each pair. In Section 3.6,
we will consider how the haploid cells may differ in the alleles that
they carry on their homologous chromosomes.

GENETIC TIPS THE QUESTION: If a diploid cell

contains four chromosomes (i.e., two per set), how many possible
random arrangements of homologs could occur during metaphase of
meiosis 1?

OOPIC: What topic in genetics does this question address? The
topic is meiosis. More specifically, the question is about
metaphase of meiosis I.

oNFORMATION: What information do you know based on the
question and your understanding of the topic? From the
question, you know a cell that started with two pairs of



homologous chromosomes has entered meiosis and is now in
metaphase of meiosis I. From your understanding of the topic,
you may remember that tetrads align along the metaphase plate
(see Figure 3.11). The orientations of the homologs within the
tetrads are random.

GROBLEM-SOLVING TRATEGY: Make a drawing. Make a
calculation. One strategy to solve this problem is to make a
drawing in which the homologs are in different colors, such as
red and blue. Note: the spindle poles are labeled A and B in the
drawing below. The alignment occurs relative to the spindle poles.
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Another strategy is to make a calculation in which the number of
different random alignments equals 2", where n equals the number
of chromosomes per set.

ANSWER: As seen in the drawing, the number of random alignments
is 4. As mentioned in the text, the number of different random align-
ments equals 2". So the possible number of arrangements in this case
is 2°, which equals 4.

3.4 COMPREHENSION QUESTIONS

1. When does crossing over usually occur, and what is the end
result?

a. It occurs during prophase of meiosis I, and the end result is
the exchange of pieces between homologous
chromosomes.

b. It occurs during prometaphase of meiosis |, and the end
result is the exchange of pieces between homologous
chromosomes.

c. It occurs during prophase of meiosis I, and the end result is
the separation of sister chromatids.

d. It occurs during prometaphase of meiosis |, and the end
result is the separation of sister chromatids.
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2. Which phase of meiosis is depicted in the drawing below?
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3.5 SEXUAL REPRODUCTION

Learning Outcomes:

1. Define sexual reproduction.

2. Describe how animals make sperm and egg cells.

3. Explain how plants alternate between haploid and diploid
generations.

o O T o

In the previous section, we considered how a diploid cell divides
by meiosis to produce cells with half the genetic material of the
original mother cell. This process is critical for sexual reproduc-
tion, which is a common way for eukaryotic organisms to produce
offspring. During sexual reproduction, two gametes fuse with
each other in the process of fertilization to begin the life of a new
organism. Gametes are highly specialized cells that are produced
by a process called gametogenesis. As discussed previously,
gametes are typically haploid, which means they contain half the
number of chromosomes of diploid cells. Haploid cells are repre-
sented by 1n and diploid cells by 2n, where n refers to a set of
chromosomes. A haploid gamete contains a single set of chromo-
somes, whereas a diploid cell has two sets. For example, a diploid
human cell contains two sets of chromosomes, for a total of 46,
but a human gamete (sperm or egg cell) contains only a single set
of 23 chromosomes.

Some simple eukaryotic species are isogamous, which
means that their gametes are morphologically similar. Examples
of isogamous organisms include many species of fungi and algae.
Most eukaryotic species, however, are heterogamous—they pro-
duce two morphologically different types of gametes. Male gam-
etes, or sperm cells, are relatively small and usually travel far
distances to reach the female gamete—the egg cell, or ovum. The
mobility of the sperm is an important characteristic, making it
likely that it will come in close proximity to the egg cell. The
sperm of most animal species contain a single flagellum that en-
ables them to swim. The sperm of ferns and nonvascular plants,
such as bryophytes, may have multiple flagella. In flowering
plants, however, the sperm are contained within pollen grains.
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FIGURE 3.13 Gametogenesis in animals. (a) Spermatogenesis. A diploid spermatocyte undergoes meiosis to produce four haploid spermatids.
These differentiate during spermatogenesis to become mature sperm. (b) Oogenesis. A diploid oocyte undergoes meiosis to produce one haploid egg cell
and two or three polar bodies. In some species, the first polar body divides; in other species, it does not. Because of asymmetrical cytokinesis, the
amount of cytoplasm the egg receives is maximized. The polar bodies degenerate.

CONCEPT CHECK: What are polar bodies?

Pollen is a small mobile structure that can be carried by the wind
or on the feet or hairs of insects. In flowering plants, sperm are
delivered to egg cells via pollen tubes. Compared with sperm
cells, an egg cell is usually very large and nonmotile. In animal
species, the egg stores a large amount of nutrients to nourish the
growing embryo. In this section, we will examine how sperm and
egg cells are made in animal and plant species.

In Animals, Spermatogenesis Produces Four
Haploid Sperm Cells and Oogenesis Produces a
Single Haploid Egg Cell

In male animals, spermatogenesis, the production of sperm,
occurs within glands known as the testes. The testes contain
spermatogonial cells that divide by mitosis to produce two cells.
One of these remains a spermatogonial cell, and the other cell
becomes a primary spermatocyte. As shown in Figure 3.13a,
the spermatocyte advances through meiosis I and meiosis II to

produce four haploid cells, which are known as spermatids.
These cells then mature into sperm cells. The structure of a
sperm cell includes a long flagellum and a head. The head of the
sperm contains little more than a haploid nucleus and an organ-
elle known as an acrosome, at its tip. The acrosome contains
digestive enzymes that are released when a sperm meets an egg
cell. These enzymes enable the sperm to penetrate the outer
protective layers of the egg and gain entry into the egg cell’s
cytosol. In animal species without a mating season, sperm pro-
duction is a continuous process in mature males. A mature hu-
man male, for example, produces several hundred million sperm
each day.

In female animals, oogenesis, the production of egg cells,
occurs within specialized diploid cells of the ovary known as oo-
gonia. Quite early in the development of the ovary, the oogonia
initiate meiosis to produce primary oocytes. For example, in
humans, approximately 1 million primary oocytes per ovary are
produced before birth. These primary oocytes are arrested—enter



a dormant phase—at prophase of meiosis I, and remain at this
stage until the female becomes sexually mature. At maturity, pri-
mary oocytes are periodically activated to advance through the
remaining stages of oocyte development.

During oocyte maturation, meiosis produces only one cell
that is destined to become an egg, as opposed to the four gametes
produced from each primary spermatocyte during spermatogene-
sis. How does this occur? As shown in Figure 3.13b, the first
meiotic division is asymmetrical and produces a secondary oocyte
and a much smaller cell, known as a polar body. Most of the cyto-
plasm is retained by the secondary oocyte and very little by the
polar body, allowing the oocyte to become a larger cell with more
stored nutrients. The secondary oocyte then begins meiosis II. In
mammals, the secondary oocyte is released from the ovary—an
event called ovulation—and travels down the oviduct toward the
uterus. During this journey, if a sperm cell penetrates the second-
ary oocyte, it is stimulated to complete meiosis II; the secondary
oocyte produces a haploid egg and a second polar body. The hap-
loid egg and sperm nuclei then unite to create the diploid nucleus
of a new individual.

Plant Species Alternate Between Haploid
(Gametophyte) and Diploid (Sporophyte)
Generations

Most species of animals are diploid, and their haploid gametes are
considered to be a specialized type of cell. By comparison, the life
cycles of plant species alternate between haploid and diploid gen-
erations. The haploid generation is called the gametophyte,
whereas the diploid generation is called the sporophyte. Certain
cells in the sporophyte undergo meiosis and produce haploid cells
called spores, which divide by mitosis to produce a gametophyte.
In simpler plants, such as mosses, a haploid spore can produce a
large multicellular gametophyte by repeated mitoses and cellular
divisions. In flowering plants, however, spores develop into game-
tophytes that contain only a few cells. In this case, the organism
that we think of as a plant is the sporophyte, whereas the gameto-
phyte is very inconspicuous. The gametophytes of most plant spe-
cies are small structures produced within the much larger
sporophyte. Certain cells within the haploid gametophytes then
become specialized as haploid gametes.

Figure 3.14 provides an overview of gametophyte develop-
ment and gametogenesis in flowering plants, using a flower from
an angiosperm (a plant that produces seeds within an ovary). Mei-
osis occurs within cells found in two different structures of the
sporophyte: the anthers and the ovaries, which produce male and
female gametophytes, respectively.

In the anther, diploid cells called microsporocytes undergo
meiosis to produce four haploid microspores. These separate into
individual microspores. In many angiosperms, each microspore
undergoes mitosis to produce a two-celled structure containing
one tube cell and one generative cell, both of which are haploid.
This structure differentiates into a pollen grain, which is the male
gametophyte with a thick cell wall. Later, the generative cell un-
dergoes a mitotic cell division to produce two haploid sperm cells.
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FIGURE 3.14 The formation of male and female gametes by
the gametophytes of angiosperms (flowering plants).

CONCEPT CHECK: Are all of the cell nuclei in the embryo sac haploid or is
just the egg haploid?

In most plant species, this division occurs only if the pollen grain
germinates—if it lands on a stigma and forms a pollen tube (refer
back to Figure 2.2c).

By comparison, female gametophytes are produced within
ovules found in the plant ovaries. A type of cell known as a
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megasporocyte undergoes meiosis to produce four haploid mega-
spores. Three of the four megaspores degenerate. The remaining
haploid megaspore then undergoes three successive mitotic divi-
sions accompanied by asymmetrical cytokinesis to produce seven
individual cells—one egg, two synergids, three antipodals, and
one central cell. This seven-celled structure, also known as the
embryo sac, is the mature female gametophyte. Each embryo sac
is contained within an ovule.

For fertilization to occur, specialized cells within the male
and female gametophytes must meet. The steps of plant fertiliza-
tion were described in Chapter 2. To begin this process, a pollen
grain lands on a stigma (refer back to Figure 2.2¢). This stimu-
lates the tube cell to sprout a pollen tube that grows through the
style and eventually makes contact with an ovule. As this is oc-
curring, the generative cell undergoes mitosis to produce two
haploid sperm cells. The sperm cells migrate through the pollen
tube and eventually reach the ovule. One of the sperm enters the
central cell, which contains the two polar nuclei. This results in
a cell that is triploid (3n). This cell divides mitotically to produce
endosperm, which acts as a food-storing tissue. The other sperm
enters the egg cell. The egg and sperm nuclei fuse to create a
diploid cell, the zygote, which becomes a plant embryo. There-
fore, fertilization in flowering plants is actually a double fertil-
ization. The result is that the endosperm, which uses a large
amount of plant resources, will develop only when an egg cell
has been fertilized. After fertilization is complete, the ovule de-
velops into a seed, and the surrounding ovary develops into the
fruit, which encloses one or more seeds.

When comparing animals and plants, it’s interesting to
consider how gametes are made. Animals produce gametes by
meiosis. In contrast, plants produce gametes by mitosis. The
gametophyte of plants is a haploid multicellular organism pro-
duced by mitotic cellular divisions of a haploid spore. Within
the multicellular gametophyte, certain cells become specialized
as gametes.

3.5 COMPREHENSION QUESTIONS

1. In animals, a key difference between spermatogenesis and
oogenesis is that
a. only oogenesis involves meiosis.
b. only spermatogenesis involves meiosis.
c. spermatogenesis produces four sperm, whereas oogenesis
produces only one egg cell.
d. None of the above describes a difference between the two
processes.
2. Which of the following statements regarding plants is false?
a. Meiosis within anthers produces spores that develop into
pollen.
b. Meiosis within ovules produces spores that develop into an
embryo sac.
c. The male gametophyte is a pollen grain, and the female
gametophyte is an embryo sac.
d. Meiosis directly produces sperm and egg cells in plants.
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3.6 THE CHROMOSOME
THEORY OF INHERITANCE

AND SEX CHROMOSOMES

Learning Outcomes:

1. List the key tenets of the chromosome theory of inheritance.

2. Explain the relationship between meiosis and Mendel’s laws
of inheritance.

3. Outline different mechanisms of sex determination.

4. Analyze the results of Morgan’s experiment, which showed
that a gene affecting eye color in fruit flies is located on the
X chromosome.

Thus far, we have considered how chromosomes are transmitted
during cell division and gamete formation. In this section, we
begin by examining how chromosomal transmission is related to
the patterns of inheritance observed by Mendel. This relation-
ship, known as the chromosome theory of inheritance, was a
major breakthrough in our understanding of genetics because it
established the framework for understanding how chromosomes
carry and transmit the genetic determinants that govern the out-
come of traits. This theory dramatically unfolded as a result of
three lines of scientific inquiry (Table 3.2). One avenue con-
cerned Mendel’s breeding studies, in which he analyzed the
transmission of traits from parent to offspring. A second line of
inquiry focused on the biochemical basis for heredity. A Swiss
botanist, Carl Négeli, and a German biologist, August Weis-
mann, championed the idea that a substance found in living cells
is responsible for the transmission of traits from parents to off-
spring. Nigeli also suggested that both parents contribute equal
amounts of this substance to their offspring. Several scientists,
including Oscar Hertwig, Eduard Strasburger, and Walther
Flemming, conducted studies suggesting that the chromosomes
are the carriers of the genetic material. We now know the DNA
within the chromosomes is the genetic material.

Finally, the third line of evidence involved the microscopic
examination of the processes of fertilization, mitosis, and meio-
sis. Researchers became increasingly aware that the characteris-
tics of organisms are rooted in the continuity of cells during the
life of an organism and from one generation to the next. When
the work of Mendel was rediscovered, several scientists noted
striking parallels between the segregation and assortment of
traits noted by Mendel and the behavior of chromosomes during
meiosis. Among them were Theodore Boveri, a German biolo-
gist, and American geneticist Walter Sutton at Columbia Univer-
sity. They independently proposed the chromosome theory of
inheritance, which was a milestone in our understanding of ge-
netics. The principles of this theory are described at the begin-
ning of this section.

The remainder of this section focuses on sex chromosomes.
Even though an examination of meiosis provided compelling evi-
dence that Mendel’s laws could be explained by chromosome sort-
ing, researchers still needed to correlate chromosome behavior
with the inheritance of particular traits. Because sex chromosomes,
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TABLE 3.2

Chronology for the Development and Proof of the Chromosome
Theory of Inheritance

1866 Gregor Mendel: Analyzed the transmission of traits from parents
to offspring and showed that it follows a pattern of segregation
and independent assortment.

1876—  Oscar Hertwig and Hermann Fol: Observed that the nucleus of
1877 the sperm enters the egg during animal cell fertilization.

1877 Eduard Strasburger: Observed that the sperm nucleus of plants
(and no detectable cytoplasm) enters the egg during plant
fertilization.

1878 Walther Flemming: Described mitosis in careful detail.

1883 Carl Nageli and August Weismann: Proposed the existence of a
genetic material, which Nageli called idioplasm and Weismann
called germ plasm.

1883 Wilhelm Roux: Proposed that the most important event of mitosis
is the equal partitioning of nuclear qualities to the daughter cells.

1883 Edouard van Beneden: Showed that gametes contain half the
number of chromosomes and that fertilization restores the
normal diploid number.

1884—  Hertwig, Strasburger, and Weismann: Proposed that
1885 chromosomes are carriers of the genetic material.

1889 Theodore Boveri: Showed that enucleated sea urchin eggs that
are fertilized by sperm from a different species develop into larva
that have characteristics that coincide with the sperm’s species.

1900 Hugo de Vries, Carl Correns, and Erich von Tschermak:
Rediscovered Mendel’s work, while analyzing inheritance patterns
in other plants.

1901 Thomas Montgomery: Determined that maternal and paternal
chromosomes pair with each other during meiosis.

1901 C. E. McClung: Discovered that sex determination in insects is
related to differences in chromosome composition.

1902 Boveri: Showed that when sea urchin eggs were fertilized by two
sperm, the abnormal development of the embryo was related to
an abnormal number of chromosomes.

1903 Walter Sutton: Showed that even though the chromosomes seem
to disappear during interphase, they do not actually disintegrate.
Instead, he argued that chromosomes must retain their
continuity and individuality from one cell division to the next.

1902- Boveri and Sutton: Independently proposed tenets of the
1903 chromosome theory of inheritance. Some historians primarily
credit this theory to Sutton.

1910 Thomas Hunt Morgan: Showed that a genetic trait (i.e., white-
eyed phenotype in Drosophila) was linked to a particular
chromosome.

1913 E. Eleanor Carothers: Demonstrated that homologous pairs of
chromosomes show independent assortment.

1916 Calvin Bridges: Studied chromosomal abnormalities in
Drosophila as a way to confirm the chromosome theory of
inheritance.

A description of these experiments can be found in Voeller, B. R. (1968), The
chromosome theory of inheritance. Classic Papers in Development and Heredity.
New York: Appleton-Century-Crofts.

such as the X and the Y chromosome, look very different under the
microscope, and because many genes on the X chromosome are not
on the Y chromosome, geneticists were able to correlate the inheri-
tance of certain traits with the transmission of specific sex chromo-
somes. In particular, early studies identified genes on the X
chromosome that govern eye color in fruit flies. This phenomenon,
which is called X-linked inheritance, confirmed the idea that
genes are found on chromosomes.

The Chromosome Theory of Inheritance Relates
the Behavior of Chromosomes to the Mendelian
Inheritance of Traits

According to the chromosome theory of inheritance, the inheri-
tance patterns of traits can be explained by the transmission pat-
terns of chromosomes during meiosis and fertilization. This theory
is based on a few fundamental principles:

1. Chromosomes contain the genetic material that is transmit-
ted from parent to offspring and from cell to cell.

2. Chromosomes are replicated and passed along, generation
after generation, from parent to offspring. They are also
passed from cell to cell during the development of a
multicellular organism. Each type of chromosome
retains its individuality during cell division and gamete
formation.

3. The nuclei of most eukaryotic cells contain chromosomes
that are found in homologous pairs—they are diploid.
One member of each pair is inherited from the mother,
the other from the father. At meiosis, one of the two
members of each pair segregates into one daughter nu-
cleus, and the homolog segregates into the other daughter
nucleus. Gametes contain one set of chromosomes—they
are haploid.

4. During the formation of haploid cells, different types of
(nonhomologous) chromosomes segregate independently
of each other.

5. Each parent contributes one set of chromosomes to its off-
spring. The maternal and paternal sets of homologous
chromosomes are functionally equivalent; each set carries a
full complement of genes.

The chromosome theory of inheritance allows us to see
the relationship between Mendel’s laws and chromosome trans-
mission. As shown in Figure 3.15, Mendel’s law of segregation
can be explained by the homologous pairing and segregation of
chromosomes during meiosis. This figure depicts the behavior
of a pair of homologous chromosomes that carry a gene for seed
color in pea plants. One of the chromosomes carries a dominant
allele that confers yellow seed color, whereas the homologous
chromosome carries a recessive allele that confers green color.
A heterozygous individual passes only one of these alleles to
each offspring. In other words, a gamete may contain the yellow
allele or the green allele but not both. Because the homologs
segregate during meiosis I and the sister chromatids separate
during meiosis II, a gamete contains only one copy of each type
of chromosome.
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FIGURE 3.15 Mendel’s law of segregation can be explained
by the segregation of homologs during meiosis. The two copies of a
gene are located on homologous chromosomes. In this example using
pea plant seed color, the two alleles are Y (yellow) and y (green). During
meiosis, the homologous chromosomes segregate from each other, lead-
ing to segregation of the two alleles into separate gametes.

Genes— Traits The gene for seed color exists in two alleles, Y (yellow) and y
(green). During meiosis, the homologous chromosomes that carry these alleles
segregate from each other. The resulting cells receive either the Y or y allele,
but not both. When two gametes unite during fertilization, the alleles they
carry determine the traits of the resulting offspring. In this case, they affect
seed color, producing yellow or green seeds.

CONCEPT CHECK: At which stage do homologous chromosomes separate
from each other?

How is the law of independent assortment explained by the
behavior of chromosomes? Figure 3.16 considers the segregation
of two types of chromosomes in a pea plant, each carrying a dif-
ferent gene. One pair of chromosomes carries the gene for seed
color: the yellow (Y) allele is on one chromosome, and the green
(v) allele is on the homolog. The other pair of (smaller) chromo-
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somes carries the gene for seed shape: one copy has the round (R)
allele, and the homolog carries the wrinkled (r) allele. At meta-
phase of meiosis I, the different types of chromosomes have ran-
domly aligned along the metaphase plate. As shown in Figure 3.16,
this can occur in more than one way. On the left, the y allele has
sorted with the R allele, whereas the Y allele has sorted with the r
allele. On the right, the opposite situation has occurred. Therefore,
the random alignment of chromatid pairs during meiosis I can lead
to an independent assortment of genes that are found on nonho-
mologous chromosomes. As we will see in Chapter 6, this law is
violated if two different genes are located close to one another on
the same chromosome.

Sex Differences Often Correlate with the Presence
of Sex Chromosomes

According to the chromosome theory of inheritance, chromo-
somes carry the genes that determine an organism’s traits and are
the basis of Mendel’s law of segregation and independent assort-
ment. Some early evidence supporting this theory involved the
determination of sex. Many species are divided into male and fe-
male sexes. In 1901, Clarence McClung, who studied grasshop-
pers, was the first to suggest that male and female sexes are due to
the inheritance of particular chromosomes. Since McClung’s
initial observations, we now know that a pair of chromosomes,
called the sex chromosomes, determines sex in many different
species. Some examples are described in Figure 3.17.

In the X-Y system of sex determination, which operates in
mammals, the male has one X chromosome and one Y chromosome,
whereas the female has two X chromosomes (Figure 3.17a). In this
case, the male is called the heterogametic sex. Two types of
sperm are produced: one that carries only the X chromosome, and
another type that carries the Y. The female is the homogametic
sex because all eggs carry a single X chromosome. The 46 chro-
mosomes carried by humans consist of 1 pair of sex chromosomes
and 22 pairs of autosomes—chromosomes that are not sex chro-
mosomes. In the human male, each of the four sperm produced
during gametogenesis contains 23 chromosomes. Two sperm con-
tain an X chromosome, and the other two have a Y chromosome.
The sex of the offspring is determined by whether the sperm that
fertilizes the egg carries an X or a Y chromosome.

What causes an offspring to develop into a male or female?
One possibility is that two X chromosomes are required for female
development. A second possibility is that the Y chromosome pro-
motes male development. In the case of mammals, the second
possibility is correct. This is known from the analysis of rare indi-
viduals who carry chromosomal abnormalities. For example, mis-
takes that occasionally occur during meiosis may produce an
individual who carries two X chromosomes and one Y chromo-
some. Such an individual develops into a male. As discussed in
Chapter 26, the SRY gene on the Y chromosome plays a key role in
causing the development of male characteristics.

The X-0 system of sex determination operates in many insects
(Figure 3.17b). In such species, the male has one sex chromosome
(the X) and is designated X0, whereas the female has a pair (two
X’s). In other insect species, such as Drosophila melanogaster, the
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FIGURE 3.16 Mendel’s law of independent assortment can be explained by the random alignment of bivalents during metaphase of
meiosis I. This figure shows the assortment of two genes located on two different chromosomes in a pea plant, using seed color and shape as an example
(YyRr). During metaphase of meiosis I, different possible arrangements of the homologs within bivalents can lead to different combinations of the alleles
in the resulting gametes. For example, on the left, the recessive y allele has sorted with the dominant R allele; on the right, the dominant Y allele has

sorted with the dominant R allele.

Genes— Traits Most species have several different chromosomes that carry many different genes. In this example, the gene for seed color exists in two alleles, Y (yellow)
and y (green), and the gene for seed shape is found as R (round) and r (wrinkled) alleles. The two genes are found on different (nonhomologous) chromosomes. During
meiosis, the homologous chromosomes that carry these alleles segregate from each other. In addition, the chromosomes carrying the Y or y alleles will independently
assort from the chromosomes carrying the R or r alleles. As shown here, this provides a reassortment of alleles, potentially creating combinations of alleles that are
different from the parental combinations. When two gametes unite during fertilization, the alleles they carry affect the traits of the resulting offspring.

CONCEPT CHECK: Let’s suppose a pea plant is heterozygous for three genes, Tt Yy Rr, and each gene is on a different chromosome. How many different ways
could the three pairs of homologous chromosomes line up during metaphase of meiosis I?

male is XY. For both types of insect species (i.e., X0 or XY males,
and XX females), the ratio between X chromosomes and the num-
ber of autosomal sets determines sex. If a fly has one X chromo-
some and is diploid for the autosomes (2n), the ratio is 1/2, or 0.5.
This fly will become a male even if it does not receive a Y chromo-
some. In contrast to the X-Y system of mammals, the Y chromo-
some in the X-0 system does not determine maleness. If a fly
receives two X chromosomes and is diploid, the ratio is 2/2, or 1.0,
and the fly becomes a female.

For the Z-W system, which determines sex in birds and
some fish, the male is ZZ and the female is ZW (Figure 3.17c).
The letters Z and W are used to distinguish these types of sex
chromosomes from those found in the X-Y pattern of sex determi-
nation of other species. In the Z-W system, the male is the homo-
gametic sex, and the female is heterogametic.

Another interesting mechanism of sex determination, known
as the haplodiploid system, is found in bees (Figure 3.17d). The
male bee, called the drone, is produced from unfertilized haploid
eggs. Female bees, both worker bees and queen bees, are produced
from fertilized eggs and therefore are diploid.

Although sex in many species of animals is determined by
chromosomes, other mechanisms are also known. In certain rep-
tiles and fish, sex is controlled by environmental factors such as
temperature. For example, in the American alligator (Alligator
mississippiensis), temperature controls sex development. When
fertilized eggs of this alligator are incubated at 33°C, nearly 100%
of them produce male individuals. When the eggs are incubated at
a temperature a few degrees below 33°C, they produce nearly all
females, whereas at a temperature a few degrees above 33°C, they
produce about 95% females.
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FIGURE 3.17 Different mechanisms of sex determination in animals. See text for a description.
CONCEPT CHECK: What is the difference between the X-Y and X-0 systems of sex determination?

EXPERIMENT 3A

Morgan’s Experiments Showed a Connection
Between a Genetic Trait and the Inheritance of a
Sex Chromosome in Drosophila

In the early 1900s, American geneticist Thomas Hunt Morgan
carried out a particularly influential study that confirmed the
chromosome theory of inheritance. Morgan was trained as an
embryologist, and much of his early research involved descrip-
tive and experimental work in that field. He was particularly
interested in ways that organisms change. He wrote, “The most
distinctive problem of zoological work is the change in form

that animals undergo, both in the course of their development
from the egg (embryology) and in their development in time
(evolution).” Throughout his life, he usually had dozens of dif-
ferent experiments going on simultaneously, many of them un-
related to each other. He jokingly said there are three kinds of
experiments—those that are foolish, those that are damn fool-
ish, and those that are worse than that!

In one of his most famous studies, Morgan engaged one of
his graduate students to rear fruit flies (Drosophila melanogas-
ter) in the dark, hoping to produce flies whose eyes would
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atrophy from disuse and disappear in future generations. Even
after many consecutive generations, however, the flies appeared
to have no noticeable changes despite repeated attempts at in-
ducing mutations by treatments with agents such as X-rays and
radium. After two years, Morgan finally obtained an interesting
result when a true-breeding line of Drosophila produced a male
fruit fly with white eyes rather than the normal red eyes. Be-
cause this had been a true-breeding line of flies, this white-eyed
male must have arisen from a new mutation that converted a
red-eye allele (denoted w*) into a white-eye allele (denoted w).
Morgan is said to have carried this fly home with him in a jar,
put it by his bedside at night while he slept, and then taken it
back to the laboratory during the day.

ACHIEVING THE GOAL

Much like Mendel, Morgan studied the inheritance of this
white-eye trait by making crosses and quantitatively analyzing
their outcome. In the experiment described in Figure 3.18, he
began with his white-eyed male and crossed it to a true-breeding
red-eyed female. All of the F; offspring had red eyes, indicating
that red is dominant to white. The F, offspring were then mated to
each other to obtain an F, generation.

THE GOAL (DISCOVERY-BASED SCIENCE)

This is an example of discovery-based science rather than hypoth-
esis testing. In this case, a quantitative analysis of genetic crosses
may reveal the inheritance pattern for the white-eye allele.

FIGURE 3.18 Inheritance pattern of an X-linked trait in fruit flies.

Starting material: A true-breeding strain of red-eyed fruit flies plus one white-eyed male fly that was discovered in the culture.
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THE DATA

Cross Results

Original white-eyed
male to a true-breeding
red-eyed female

F, generation: All red-eyed flies

F, male to F; female F, generation: 2459 red-eyed females
1011 red-eyed males
0 white-eyed females
782 white-eyed males

F, white-eyed male  Testcross:

to F, female

129 red-eyed females
132 red-eyed males
88 white-eyed females
86 white-eyed males

Source: Data from Morgan, T. H. (1910) Sex limited inheritance in Drosophila.
Science 32, 120-122.

INTERPRETING THE DATA

As seen in the data table, the F, generation consisted of 2459 red-
eyed females, 1011 red-eyed males, and 782 white-eyed males.
Most notably, no white-eyed female offspring were observed in
the F, generation. These results suggested that the pattern of trans-
mission from parent to offspring depends on the sex of the off-
spring and on the alleles that they carry. As shown in the Punnett
square below, the data are consistent with the idea that the eye
color alleles are located on the X chromosome.

+
Fymale is X"'Y,
F,female is X" X*

Male gametes

.
g xw Y

8 x

[0

£

@©

(o))

o

g Xy

L X

White, male

The Punnett square predicts that the F, generation will not
have any white-eyed females. This prediction was confirmed
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experimentally. These results indicated that the eye color alleles
are located on the X chromosome. Genes that are physically
located within the X chromosome are called X-linked genes, or
X-linked alleles. However, it should also be pointed out that the
experimental ratio of red eyes to white eyes in the F, generation
is (2459 + 1011):782, which equals 4.4:1. This ratio deviates
significantly from the predicted ratio of 3:1. How can this dis-
crepancy be explained? Later work revealed that the lower-than-
expected number of white-eyed flies is due to their decreased
survival rate.

Morgan also conducted a testcross (see step 4, Figure
3.18) in which an individual with a dominant phenotype and
unknown genotype is crossed to an individual with a recessive
phenotype. In this case, he mated an F, red-eyed female to an F,
white-eyed male. This cross produced red-eyed males and fe-
males in approximately equal numbers as well as white-eyed
males and females in approximately equal numbers. The test-
cross data are also consistent with an X-linked pattern of inheri-
tance. As shown in the following Punnett square, the testcross
predicts a 1:1:1:1 ratio:

Testcross:
Male is XY
F,female is X" X*

Male gametes
g xw Y

+

XW

Female gametes

Xw

White, female| White, male

The observed data are 129:132:88:86, which is a ratio of
1.5:1.5:1:1. Again, the lower-than-expected numbers of white-
eyed males and females can be explained by a lower survival rate
for white-eyed flies. In his own interpretation, Morgan concluded
that red eye color and X (a sex factor that is present in two copies
in the female) are combined and have never existed apart. In other
words, this gene for eye color is on the X chromosome. Morgan
was the first geneticist to receive a Nobel Prize.

3.6 COMPREHENSION QUESTIONS

1. Which of the following is not one of the tenets of the chromo-
some theory of inheritance?
a. Chromosomes contain the genetic material that is transmit-
ted from parent to offspring and from cell to cell.

b. Chromosomes are replicated and passed along, generation
after generation, from parent to offspring.

¢. Chromosome replication occurs during the S phase of the
cell cycle.

d. Each parent contributes one set of chromosomes to its
offspring.



2. Apea plant has the genotype TtRr. The independent assortment
of these two genes occurs at because chromosomes
carrying the alleles line up independently of the chro-
mosomes carrying the alleles.

a. metaphase of meiosis |, Tand t, Rand r

b. metaphase of meiosis|, Tand R, tand r
c. metaphase of meiosis Il, Tand ¢, Rand r
d. metaphase of meiosis I, Tand R, tand r
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3. In mammals, sex is determined by
a. the SRY gene on the Y chromosome.
b. having two copies of the X chromosome.
¢. having one copy of the X chromosome.
d. bothaandc.
4. Anabnormal fruit fly has two sets of autosomes and is XXY. Such

aflyis
a. amale. ¢. ahermaphrodite.
b. afemale. d. none of the above.

KEY TERMS

3.1: chromosomes, chromatin, prokaryotes, nucleoid, eukaryotes,
organelles, nucleus, cytogenetics, cytogeneticist, somatic cell,
gametes, germ cells, karyotype, diploid, homologs, alleles,
locus (loci)

3.2: asexual reproduction, multicellularity, binary fission, cell
cycle, interphase, restriction point, chromatids, centromere,
sister chromatids, dyad, monad, kinetochore, mitosis

3.3: mitotic spindle apparatus, mitotic spindle, microtubule-
organizing centers (MTOC:s), centrosomes, spindle pole, cen-
trioles, aster microtubules, polar microtubules, kinetochore
microtubules, decondensed, prophase, condensed, prometaphase,
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metaphase plate, metaphase, anaphase, telophase, cytokinesis,
cleavage furrow, cell plate

3.4: meiosis, haploid, leptotene, zygotene, synapsis, pachytene,
bivalents, tetrad, crossing over, chiasma (chiasmata), diplotene,
diakinesis

3.5: sexual reproduction, gametogenesis, isogamous, heteroga-
mous, sperm cells, egg cell, ovum, spermatogenesis, oogenesis,
gametophyte, sporophyte, pollen grain, embryo sac, endosperm

3.6: X-linked inheritance, chromosome theory of inheritance,
sex chromosomes, heterogametic sex, homogametic sex,
autosomes, X-linked genes (X-linked alleles), testcross

SUMMARY

3.1 General Features of Chromosomes

e Chromosomes are structures that contain the genetic material,
which is DNA.

Prokaryotic cells are simple and lack cell compartmentaliza-
tion, whereas eukaryotic cells contain a cell nucleus and other
compartments (see Figure 3.1).

Chromosomes can be examined under the microscope. An or-
ganized representation of the chromosomes from a single cell is
called a karyotype (see Figure 3.2).

In eukaryotic species, the chromosomes are found in sets.
Eukaryotic cells are often diploid, which means that each
type of chromosome occurs in a homologous pair (see
Figure 3.3).

3.2 Cell Division

* Bacteria divide by binary fission (see Figure 3.4).
e To divide, eukaryotic cells advance through a cell cycle (see
Figure 3.5).

3.3 Mitosis and Cytokinesis

e Prior to cell division, eukaryotic chromosomes are replicated to
form sister chromatids (see Figure 3.6).

Chromosome sorting in eukaryotes is achieved via a spindle
apparatus (see Figure 3.7).

A common way for eukaryotic cells to divide is by mitosis and
cytokinesis. Mitosis is divided into prophase, prometaphase,
metaphase, anaphase, and telophase (see Figures 3.8, 3.9).

3.4 Meiosis

* Another way for eukaryotic cells to divide is via meiosis, which
produces four haploid cells. During prophase of meiosis I, ho-
mologs synapse and crossing over may occur (see Figures
3.10, 3.11, and 3.12).

3.5 Sexual Reproduction

* Animals produce gametes via spermatogenesis and oogenesis
(see Figure 3.13).

» Plants exhibit alternation of generations between a diploid spo-
rophyte and a haploid gametophyte. The gametophyte produces
gametes (see Figure 3.14).

3.6 The Chromosome Theory of Inheritance
and Sex Chromosomes

e The chromosome theory of inheritance describes how the
transmission of chromosomes can explain Mendel’s laws.

e Mendel’s law of segregation is explained by the separation of
homologs during meiosis (see Figure 3.15).

e Mendel’s law of independent assortment is explained by the
random alignment of different chromosomes during metaphase
of meiosis I (see Figure 3.16).

* Mechanisms of sex determination in animals may involve
differences in chromosome composition (see Figure 3.17).

* Morgan’s work provided strong evidence for the chromosome
theory of inheritance by showing that a gene affecting eye color in
fruit flies is inherited on the X chromosome (see Figure 3.18).
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PROBLEM SETS & INSIGHTS

MORE GENETIC TIPS 1. A diploid cell begins with

eight chromosomes, four per set, and then proceeds through cell
division. In the following diagram, in what phase of mitosis,
meiosis I or meiosis II, is the cell?

N
\

OPIC: What topic in genetics does this question address? The
topic is cell division. More specifically, the question is asking you
to be able to look at a drawing and discern which phase of cell
division a particular cell is in.

o NFORMATION: What information do you know based on the
question and your understanding of the topic? In the question,
you are given a diagram of a cell at a particular phase of the cell
cycle. This cell is derived from a mother cell with four pairs of
chromosomes. From your understanding of the topic, you may
remember the various phases of mitosis, meiosis I, and meiosis I,
which are described in Figures 3.8 and 3.11. If so, you may
initially realize that the cell is in metaphase.

@ rosLemsoLving E)) TRATEGY: Describe the steps. To
solve this problem, you may need to describe the steps, starting
with a mother cell that has four pairs of chromosomes. Keep in
mind that a mother cell with four pairs of chromosomes has eight
chromosomes during G;, which then replicate to form eight pairs
of sister chromatids during the S phase. Therefore, at the
beginning of M phase, this mother cell will have eight pairs of
sister chromatids. During metaphase of mitosis, the eight pairs of
sister chromatids in the mother cell will align. During meiosis I,
four tetrads will align along the metaphase plate in the mother
cell. During meiosis II, four pairs of sister chromatids in the two
daughter cells will align along the metaphase plate.

ANSWER: The cell is in metaphase of meiosis II. You can tell be-
cause the chromosomes are lined up in a single row along the meta-
phase plate, and the cell has only four pairs of sister chromatids. If it
were in mitosis, the cell would have eight pairs of sister chromatids
in a single row. If it were in meiosis I, tetrads would be aligned along
the metaphase plate.

2. What are the key differences in anaphase when comparing mitosis,
meiosis I, and meiosis I1?

oOPIC: What topic in genetics does this question address? The
topic is cell division. More specifically, the question is about the
events that occur during anaphase

o NFORMATION: What information do you know based on the
question and your understanding of the topic? From the question,
you know you are supposed to distinguish the key differences among
anaphase of mitosis, anaphase of meiosis I, and anaphase of meiosis
II. From your understanding of the topic, you may remember that
the separation of chromosomes is distinctly different in meiosis I
compared to mitosis and meiosis II. Compare Figures 3.8 and 3.11.

0 ROBLEM-SOLVING TRATEGY: Make a drawing. Compare
and contrast. One strategy to solve this problem is to make a drawing.
If you make drawings of anaphase, like those shown in Figures 3.8 and
3.11. you may appreciate that bivalents move to opposite poles during
anaphase of meiosis I, whereas individual chromatids move to opposite
poles during anaphase of mitosis and meiosis II. Another strategy is to
compare and contrast what happens during meiosis I compared to
mitosis and meiosis II. During meiosis I, anaphase does not involve the
splitting of centromeres, whereas centromeres split during mitosis and
meioisis 11, thereby separating sister chromatids.

ANSWER: During mitosis and meiosis II, the centromeres split and
individual chromatids move to their respective poles. In meiosis I, the
centromeres do not split. Instead, the bivalents separate and pairs of
sister chromatids move to opposite poles.

3. Duchenne muscular dystrophy is a recessive disorder caused by a rare,
loss-of-function allele that is located on the X chromosome in humans. An
unaffected woman (i.e., without disease symptoms) who is heterozygous
for the X-linked allele causing Duchenne muscular dystrophy has children
with a man with a functional (non-disease-causing) allele. What is the
probability that this couple will have an unaffected son?

OPIC: What topic in genetics does this question address? The
topic is X-linked inheritance. More specifically, the question is
about Duchenne muscular dystrophy.

oNFORMATION: What information do you know based on the
question and your understanding of the topic? From the
question, you know a woman is heterozygous for the disease-
causing allele, which is X-linked. The man carries the common, or
non-disease-causing, allele. From your understanding of the topic,
you may remember that females inherit two copies of X-linked
genes, one from each parent, whereas males inherit the X
chromosome only from their mother.

G ROBLEM-SOLVING e TRATEGY: Predict the outcome. One
strategy to solve this problem is to set up a Punnett square in
which D represents the common allele and d is the recessive
(disease-causing) allele

Male gametes

gd x° Y

9 Phenotype ratio is
& XP | xPxp X2y
[} 2 unaffected daughters :
% 1 unaffected son :
8’ 1 affected son
©
5 d
$ X XPxd X4y




ANSWER: Four genotypes are possible for the couple’s children, one
of which results in an unaffected son. Therefore, the probability of an
unaffected son is 1/4.

4. Calvin Bridges, who worked in the lab of Morgan, made crosses
involving the inheritance of X-linked traits in fruit flies. One of his
experiments concerned two different X-linked genes affecting eye
color and wing length. For the eye color gene, the red-eye allele (W) is
dominant to the white-eye allele (w). A second X-linked trait is wing
length; the allele called miniature is recessive to the normal allele. In
this case, m represents the miniature allele and 7™ the normal allele,
which is designated long wings. A male fly carrying a miniature
allele on its single X chromosome has small (miniature) wings. A
female must be homozygous, mm, in order to have miniature wings.

Bridges made a cross between XX female flies (white eyes

and long wings) and XY male flies (red eyes and miniature wings).
He then examined the eyes, wings, and sexes of thousands of offspring. As
expected, most of the offspring were females with red eyes and long
wings or males with white eyes and long wings. On rare occasions
(approximately 1 out of 1700 flies), however, he also obtained female
offspring with white eyes or males with red eyes. He also noted the wing
size in these flies and then cytologically examined their chromosome
composition using a microscope. The following results were obtained:

Eye Wing Sex
Offspring Color Length Chromosomes
Expected females Red Long XX
Expected males White Long XY
Unexpected females (rare) ~ White Long XXY
Unexpected males (rare) Red Miniature X0

Source: Data from C. B. Bridges (1916), Non-disjunction as proof of the chromosome
theory of heredity, Genetics 1, 1-52, 107-163.

Explain how the unexpected female and male offspring were produced.

OPIC: What topic in genetics does this question address? The
topic is X-linked inheritance—more specifically, the topic is about
X-linked inheritance and its relationship to abnormalities in
chromosome number.

cNFORMATION: What information do you know based on

the question and your understanding of the topic? From
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the question, you know the outcome of a cross involving Xt
female flies and XY male flies. From your understanding of the
topic, you may remember that females normally transmit an X
chromosome to both daughters and sons, whereas males normally
transmit an X to their daughters and a Y to their sons. In flies, sex is
determined by the ratio of the number of X chromosomes to the
number of sets of autosomes. It is not determined by the presence of
the Y chromosome (see Figure 3.17).

e TRATEGY: Predict the outcome.
Compare and contrast. One strategy to solve this problem is
to compare and contrast the outcomes of this cross if the female
transmits the wrong number of chromosomes or if the male
transmits the wrong number.

. + ot
The cross is X" X" x X"*™"Y.

Female Male Offspring

Transmits Transmits Genotype Offspring Phenotype

Xty Y X XY White eyes, long

wings, female

Xty Xt X"’:"+ X" Red eyes, long wings,
xmom female

No sex Y Y Inviable

chromosome

No sex xvm xvm Red eyes, miniature

chromosome wings, male

Xt Xy X"’:"+ Red eyes, long wings,
xXvmy female

Xt No sex Xt White eyes, long

chromosome wings, male

ANSWER: The white-eyed female flies were due to the union be-
tween an abnormal XX female gamete and a normal Y male gamete.
The unexpected male offspring had only one X chromosome and no
Y. These male offspring were due to the union between an abnormal
egg without any X chromosome and a normal sperm containing one
X chromosome. The wing size of the unexpected males was a par-

ticularly significant result. The red-eyed males showed a miniature

wing size. As noted by Bridges, this means they inherited their X

chromosome from their father rather than their mother.

Conceptual Questions

Cl.

C2.

C3.

C4.

Cs.

The process of binary fission begins with a single mother cell and
ends with two daughter cells. Would you expect the mother and
daughter cells to be genetically identical? Explain why or why not.
What is a homolog? With regard to genes and alleles, how are
homologs similar to and different from each other?

What is a sister chromatid? Are sister chromatids genetically simi-
lar or identical? Explain.

With regard to sister chromatids, which phase of mitosis is the
organization phase, and which is the separation phase?

A species is diploid and has three chromosomes per set. Make a
drawing showing what the chromosomes would look like in the G,
and G, phases of the cell cycle.

Cé.

C7.

How does the attachment of kinetochore microtubules to the

kinetochore differ in metaphase of meiosis I compared to

metaphase of mitosis? Discuss what you think would happen

if a sister chromatid was not attached to a kinetochore

microtubule.

For the following events, specify whether they occur during mito-

sis, meiosis I, or meiosis 1I:

A. Separation of conjoined chromatids within a pair of sister
chromatids

B. Pairing of homologous chromosomes

C. Alignment of chromatids along the metaphase plate

D. Attachment of sister chromatids to both poles
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C8.

Co.

C10.

Cl11.

Cl12.

C13.

Cl4.

CI15.

Cl1e.

Cl17.

C18.

CI19.

C20.

C21.

C22.
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Identify the key events during meiosis that result in a 50% reduc-
tion in the amount of genetic material per cell.

A cell is diploid and contains three chromosomes per set. Draw the
arrangement of the chromosomes during metaphase of mitosis and
metaphase of meiosis I and II. In your drawing, make one set dark
and the other lighter.

The arrangement of homologs during metaphase of meiosis I is a
random process. In your own words, explain what this means.

A eukaryotic cell is diploid and contains 10 chromosomes (5 in
each set). In mitosis and meiosis, how many daughter cells will be
produced, and how many chromosomes will each one contain?

If a diploid cell contains six chromosomes (i.e., three per set), how
many possible random arrangements of homologs could occur dur-
ing metaphase of meiosis 1?

A cell has four pairs of chromosomes. Assuming that crossing over
does not occur, what is the probability that a gamete will contain
all of the paternal chromosomes? If n equals the number of chro-
mosomes in a set, which of the following expressions can be used
to calculate the probability that a gamete will receive all of the
paternal chromosomes: (1/2)", (1/2)"", or n'"*?

With regard to question C13, how would the phenomenon of
crossing over affect the results? In other words, would the prob-
ability of a gamete inheriting only paternal chromosomes be
higher or lower? Explain your answer.

Eukaryotic cells must sort their chromosomes during mitosis so
that each daughter cell receives the correct number of chromo-
somes. Why don’t bacteria need to sort their chromosomes?

Why is it necessary for the chromosomes to condense during mito-
sis and meiosis? What do you think might happen if the chromo-
somes were not condensed?

Nine-banded armadillos almost always give birth to four offspring
that are genetically identical quadruplets. Explain how you think
this happens.

A diploid species has four chromosomes per set for a total of eight
chromosomes in its somatic cells. Draw such a cell as it would
look in late prophase of meiosis II and prophase of mitosis. Dis-
cuss how prophase of meiosis II and prophase of mitosis differ
from each other, and explain how the difference originates.

Explain why the products of meiosis may not be genetically identi-
cal, whereas the products of mitosis are.

The period between meiosis I and meiosis II is called interphase II.
Does DNA replication take place during interphase 11?7

List several ways in which telophase appears to be the reverse of
prophase and prometaphase.

Corn has 10 chromosomes per set, and the sporophyte of the spe-
cies is diploid. If you performed a karyotype, what is the total
number of chromosomes you would expect to see in each of the
following types of cells?

A. Aleaf cell
B. The sperm nucleus of a pollen grain

C23.

C24.

C25.
C26.

C27.
C28.

C29.

C30.

C31.

CHROMOSOME TRANSMISSION DURING CELL DIVISION AND SEXUAL REPRODUCTION

C. An endosperm cell after fertilization
D. A root cell

The arctic fox has 50 chromosomes (25 per set), and the common
red fox has 38 chromosomes (19 per set). These species can inter-
breed to produce viable but infertile offspring. How many chromo-
somes would the offspring have? What problems do you think may
occur during meiosis that would explain the offspring’s infertility?

Let’s suppose that a gene affecting pigmentation is found on the X
chromosome (in mammals or insects) or the Z chromosome (in
birds) but not on the Y or W chromosome. It is found on an auto-
some in bees. This gene exists in two alleles: D (dark) is dominant to
d (light). What would be the phenotypic results of crosses between
true-breeding dark females and true-breeding light males and of the
reciprocal crosses involving true-breeding light females and true-
breeding dark males for each of the following species? Refer back to
Figure 3.17 for the mechanism of sex determination in these species.
A. Birds C. Bees

B. Fruit flies D. Humans

Describe the cellular differences between male and female gametes.
At puberty, the testes contain a finite number of cells and produce
an enormous number of sperm cells during the life span of a male.
Explain why testes do not run out of spermatogonial cells.
Describe the timing of meiosis I and II during human oogenesis.
Three genes (A, B, and C) are found on three different chromo-
somes. For the following diploid genotypes, describe all of the
possible gamete combinations.

A. Aa Bb Cc C. Aa BB Cc

B. AABb CC D. Aa bb cc

A woman with an abnormally long chromosome 13 (and a normal
homolog of chromosome 13) has children with a man with an
abnormally short chromosome 11 (and a normal homolog of chro-
mosome 11). What is the probability of producing an offspring
that will have both a long chromosome 13 and a short chromosome
117 If such a child is produced, what is the probability that this
child will eventually pass both abnormal chromosomes to one of
his or her offspring?

Assuming that such a fly would be viable, what would be the sex
of a fruit fly with the following chromosomal composition?

A. One X chromosome and two sets of autosomes

B. Two X chromosomes, one Y chromosome, and two sets of
autosomes

C. Two X chromosomes and four sets of autosomes

D. Four X chromosomes, two Y chromosomes, and four sets of
autosomes

What would be the sex of a human with each of the following sets
of sex chromosomes?

A. XXX
B. X (also described as X0)

C. XYY
D. XXY

Experimental Questions

El.

When studying living cells in a laboratory, researchers sometimes
use drugs as a way to cause cells to remain in a particular phase
of the cell cycle. For example, aphidicolin inhibits DNA synthesis
in eukaryotic cells and causes them to remain in the G, phase

because they cannot replicate their DNA. In what phase of the
cell cycle—Gy, S, G,, prophase, metaphase, anaphase, or telo-
phase—would you expect somatic cells to stay if the following
types of drug were added?



E2.

E3.

E4.

ES.

E6.

>

. A drug that inhibits microtubule formation

B. A drug that allows microtubules to form but prevents them
from shortening

C. A drug that inhibits cytokinesis
D. A drug that prevents chromosomal condensation

In Morgan’s experiments, which result do you think is the most
convincing piece of evidence pointing to X-linkage of the eye
color gene? Explain your answer.

In his original studies of Figure 3.18, Morgan first suggested that the
original white-eyed male had two copies of the white-eye allele. In
this problem, let’s assume that he meant the fly was X"Y" instead of
X"Y. Are his data in Figure 3.18 consistent with this hypothesis?
What crosses would need to be made to rule out the possibility that
the Y chromosome carries a copy of the eye color gene?

How would you set up crosses to determine if a gene is Y-linked
versus X-linked?

Occasionally during meiosis, a mistake can happen whereby a gamete
may receive zero or two sex chromosomes rather than one. Bridges
made a cross between white-eyed female flies and red-eyed male flies.
As you would expect, most of the offspring were red-eyed females
and white-eyed males. On rare occasions, however, he found a white-
eyed female or a red-eyed male. These rare flies were not due to new
gene mutations, but instead were due to mistakes during meiosis in
the parent flies. Consider the mechanism of sex determination in fruit
flies and propose how this could happen. In your answer, describe the
sex chromosome composition of the rare flies.

Let’s suppose that you have made a karyotype of a female fruit fly
with red eyes and found that it has three X chromosomes instead
of the normal two. Although you do not know its parents, you do
know that this fly came from a mixed culture of flies in which
some had red eyes, some had white eyes, and some had eosin eyes.
Eosin is an allele of the same gene that has white and red alleles.
Eosin is a pale orange color. The red allele is dominant and the
white allele is recessive. The expression of the eosin allele, how-
ever, depends on the number of copies of the allele. When females
have two copies of this allele, they have eosin eyes. When females
are heterozygous for the eosin allele and the white allele, they have
light-eosin eyes. When females are heterozygous for the red allele
and the eosin allele, they have red eyes. Males that have a single
copy of the eosin allele have eosin eyes.

You cross the XXX red-eyed female with a white-eyed male and
count the numbers of offspring. You may assume that this unusual
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E7.

E8.

E9.

E10.

Ell1.

El2.

female makes half of its gametes with one X chromosome and half
of its gametes with two X chromosomes. The following results for
the offspring were obtained:

Females* Males
Red eyes 50 11
White eyes 0 0
Eosin 20 20
Light-eosin 21 0

*A female offspring can be XXX, XX, or XXY.

Explain the 3:1 ratio between female and male offspring. What is
the genotype of the original mother, which had red eyes and three
X chromosomes? Construct a Punnett square that is consistent
with these data.

With regard to thickness and length, what do you think chromo-
somes would look like if you microscopically examined them dur-
ing interphase? How would that compare with their appearance
during metaphase?

White-eyed flies have a lower survival rate than red-eyed flies.
Based on the data in Figure 3.18, what percentage of white-eyed
flies survived compared with red-eyed flies, assuming 100% sur-
vival of red-eyed flies?

A rare form of dwarfism that also included hearing loss was found
to run in a particular family. It is inherited as a dominant trait. It
was discovered that an affected individual had one normal copy of
chromosome 15 and one abnormal copy of chromosome 15 that
was unusually long. How would you determine if the unusually
long chromosome 15 was causing this disorder?

Discuss why crosses (i.e., the experiments of Mendel) and the mi-
croscopic observations of chromosomes during mitosis and meiosis
were both needed to deduce the chromosome theory of inheritance.

Female flies with white eyes and miniature wings (both X-linked
recessive traits) were crossed to male flies with red eyes and long
wings. On rare occasions, female offspring were produced with
white eyes. If we assume these females are due to errors in meio-
sis, what would be the most likely chromosomal composition of
such flies? What would be their wing length?

Experimentally, how do you think researchers were able to deter-
mine that the Y chromosome causes maleness in mammals,
whereas the ratio of X chromosomes to the sets of autosomes
causes sex determination in fruit flies?

Questions for Student Discussion/Collaboration

1.

In Figure 3.18, Morgan obtained a white-eyed male fly in a popula-
tion containing many red-eyed flies that he thought were true-
breeding. As mentioned in the experiment, he crossed this fly with
several red-eyed females, and all the offspring had red eyes. But
actually this is not quite true. Morgan observed 1237 red-eyed flies
and 3 white-eyed males. Provide two or more explanations why he
obtained 3 white-eyed males in the F; generation.

A diploid eukaryotic cell has 10 chromosomes (5 per set). As a
group, take turns having one student draw the cell as it would look
during a phase of mitosis, meiosis I, or meiosis II; then have the
other students guess which phase it is.

3.

Discuss the principles of the chromosome theory of inheritance.
Which principles were deduced via light microscopy, and which
were deduced from crosses? What modern techniques could be
used to support the chromosome theory of inheritance?

Note: All answers appear in Connect; the answers to the even-numbered
questions and all of the Concept Check and Comprehension Questions
are in Appendix B.
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EXTENSIONS OF

MENDELIAN INHERITANCE

Many traits in eukaryotic species follow a Mendelian inheritance
pattern. Such traits obey two laws: the law of segregation and the
law of independent assortment. Furthermore, the genes that influ-
ence such traits are not altered (except by rare mutations) as they
are passed from parent to offspring. The traits that are displayed
by the offspring depend on the alleles they inherit and also on
environmental factors. Until now, we have mainly considered
traits that are affected by a single gene that is found in two differ-
ent alleles. In these cases, one allele is dominant over the other.
This type of inheritance is called simple Mendelian inheritance
because the observed ratios in the offspring readily obey Mendel’s
laws. For example, when two different true-breeding pea plants
are crossed (e.g., tall and dwarf) and the F; generation is allowed
to self-fertilize, the F, generation shows a 3:1 phenotypic ratio of
tall to dwarf offspring.

In this chapter, we will extend our understanding of Men-
delian inheritance by first examining the transmission patterns for
several traits that do not display a simple dominant/recessive rela-
tionship. Geneticists have discovered an amazing diversity of
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mechanisms by which alleles affect the outcome of traits. Many
alleles don’t produce the ratios of offspring that are expected from
a simple Mendelian relationship. This does not mean that Mendel
was wrong. Rather, the inheritance patterns of many traits are
more complex and interesting than he had realized. In this chapter,
we will examine how the outcome of a trait may be influenced by
a variety of factors such as the level of protein expression, the sex
of the individual, the presence of multiple alleles of a given gene,
and environmental effects. We will also explore how two different
genes can contribute to the outcome of a single trait.

In Chapters 5 and 6, we will examine eukaryotic inheritance
patterns that are not considered Mendelian. For example, some
genes are located in mitochondrial DNA and do not obey the law
of segregation. Others are closely linked along the same chromo-
some and violate the law of independent assortment. In addition,
some genes are altered (by DNA methylation) during gamete for-
mation, which affects their expression in the offspring that inherit
them. This results in an epigenetic pattern of inheritance that we
will consider in Chapter 5.
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3:1 phenotypic ratio when two heterozygotes produce offspring. A
4.1 OVERVIEW OF SIMPLE second goal is to understand how the molecular expression of
INHERITANCE PATTERNS genes can account for an individual’s phenotype. In other words,

what is the underlying relationship between molecular genetics—
the expression of genes to produce functional proteins—and the

Learning Outcomes:

1. Compare and contrast the different types of Mendelian traits of individuals that inherit the genes? The remaining sections
inheritance patterns. of this chapter will explore several patterns of inheritance and
2. Describe the molecular mechanisms that account for different consider their underlying molecular mechanisms.

types of inheritance patterns involving single genes.

4.1 COMPREHENSION QUESTION

Before we delve more deeply into inheritance patterns, let’s first

compare a variety of inheritance patterns (Table 4.1). We have 1. Which of the following statements is true?

already discussed two of these—simple dominant/recessive in- a. Not all inheritance patterns follow a strict dominant/
heritance in Chapter 2 and X-linked inheritance in Chapter 3. recessive relationship.

These various patterns occur because the outcome of a trait may b. Geneticists want to understand both inheritance patterns and the
be governed by two or more alleles in several different ways. underlying molecular mechanisms that cause them to happen.
Geneticists want to understand Mendelian inheritance from two c. Different inheritance patterns are explained by a variety of
perspectives. One goal is to predict the outcome of crosses. Many different molecular mechanisms.

of the inheritance patterns described in Table 4.1 do not produce a d. All of the above are true.

TABLE 4.1

Mendelian Inheritance Patterns Involving Single Genes

Type Description

Simple Mendelian  Inheritance: This term is commonly applied to the inheritance of alleles that obey Mendel’s laws and follow a strict dominant/recessive
relationship. In this chapter, we will see that some genes are found in three or more alleles, making the relationship more complex.
Molecular: 50% of the protein, produced by a single copy of the dominant (functional) allele in the heterozygote, is sufficient to produce the
dominant trait.

Incomplete Inheritance: In the case of dominant traits, this pattern occurs when a dominant phenotype is not expressed even though an individual

penetrance carries a dominant allele. An example is an individual who carries the polydactyly allele but has a normal number of fingers and toes.
Molecular: Even though a dominant allele is present, the protein encoded by the gene may not exert its effects. This can be due to environ-
mental influences or due to other genes that may encode proteins that counteract the effects of the protein encoded by the dominant allele.

Incomplete Inheritance: This pattern occurs when the heterozygote has a phenotype that is intermediate between either corresponding homozygote. For ex-

dominance ample, a cross between homozygous red-flowered and homozygous white-flowered parents will produce heterozygous offspring with pink flowers.
Molecular: 50% of the protein, produced by a single copy of the functional allele in the heterozygote, is not sufficient to produce the same
trait as the homozygote making 100%.

Overdominance Inheritance: This pattern occurs when the heterozygote has a trait that is more beneficial than either homozygote.
Molecular: Three common ways that heterozygotes gain benefits: (1) Their cells may have increased resistance to infection by microorganisms;
(2) they may produce more forms of protein dimers with enhanced function; or (3) they may produce proteins that function under a wider
range of conditions.

Codominance Inheritance: This pattern occurs when the heterozygote expresses both alleles simultaneously without forming an intermediate phenotype.
For example, in blood typing, an individual carrying the A and B alleles will have an AB blood type.
Molecular: The codominant alleles encode proteins that function slightly differently from each other, and the function of each protein in the
heterozygote affects the phenotype uniquely.

X-linked Inheritance: This pattern involves the inheritance of genes that are located on the X chromosome. In mammals and fruit flies, males have
one copy of X-linked genes, whereas females have two copies.
Molecular: If a pair of X-linked alleles shows a simple dominant/recessive relationship, 50% of the protein, produced by a single copy of the
dominant allele in a heterozygous female, is sufficient to produce the dominant trait (in the female). Males have only one copy of X-linked
genes and therefore express the copy they carry.

Sex-influenced Inheritance: This pattern refers to the effect of sex on the phenotype of the individual. Some alleles are recessive in one sex and dominant
inheritance in the opposite sex.

Molecular: Sex hormones may regulate the molecular expression of genes. This can influence the phenotypic effects of alleles.
Sex-limited Inheritance: This pattern refers to traits that occur in only one of the two sexes. An example is breast development in mammals.
inheritance Molecular: Sex hormones may regulate the molecular expression of genes. This can influence the phenotypic effects of alleles. In this case,

sex hormones that are primarily produced in only one sex are essential to produce a particular phenotype.

Lethal alleles Inheritance: An allele that has the potential of causing the death of an organism.
Molecular: Lethal alleles are most commonly loss-of-function alleles that encode proteins that are necessary for survival. In some cases, the allele
may be due to a mutation in a nonessential gene that changes a protein to function with abnormal and detrimental consequences.
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4.2 DOMINANT AND RECESSIVE

ALLELES

Learning Outcomes:

1. Define wild-type allele and genetic polymorphism.

2. Explain why loss-of-function alleles often follow a recessive
pattern of inheritance.

3. Describe how alleles can exhibit incomplete penetrance and
vary in their expressivity.

In Chapter 2, we examined patterns of inheritance that showed a
simple dominant/recessive relationship. This means that a hetero-
zygote exhibits the dominant trait. In this section, we will take a
closer look at why an allele may be dominant or recessive and
discuss how dominant alleles may not always exert their effects.

Recessive Mutant Alleles Often Cause a Reduction
in the Amount or Function of the Encoded Proteins

For any given gene, geneticists refer to prevalent alleles in a natu-
ral population as wild-type alleles. In large populations, more
than one wild-type allele may occur—a phenomenon known as
genetic polymorphism. For example, Figure 4.1 illustrates a
striking example of polymorphism in the elderflower orchid,
Dactylorhiza sambucina. Throughout the range of this species in
Europe, both yellow- and red-flowered individuals are prevalent.
Both colors are considered wild type. At the molecular level, a
wild-type allele typically encodes a protein that is made in the
proper amount and functions normally. As discussed in Chapter 27,
wild-type alleles tend to promote the reproductive success of
organisms in their native environments.

In addition, random mutations occur in populations and al-
ter preexisting alleles. Geneticists sometimes refer to these kinds
of alleles as mutant alleles to distinguish them from the more
common wild-type alleles. Because random mutations are more
likely to disrupt gene function, mutant alleles are often defective
in their ability to express a functional protein. Such mutant alleles

TABLE 4.2

Examples of Recessive Human Diseases
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FIGURE 4.1 Anexample of genetic polymorphism. Both yellow
and red flowers are common in natural populations of the elderflower
orchid, Dactylorhiza sambucina, and both are considered wild type.

© blickwinkel/Alamy

CONCEPT CHECK: Why are both of these colors considered to be wild type?

tend to be rare in natural populations. They are typically, but not
always, inherited in a recessive fashion.

Among Mendel’s seven traits discussed in Chapter 2, the
wild-type alleles are those that produce tall plants, purple flowers,
axial flowers, yellow seeds, round seeds, green pods, and smooth
pods (refer back to Figure 2.4). The mutant alleles result in dwarf
plants, white flowers, terminal flowers, green seeds, wrinkled
seeds, yellow pods, and constricted pods. You may have already
noticed that the seven wild-type alleles are dominant over the
seven mutant alleles. Likewise, red eyes and normal wings are
examples of wild-type alleles in Drosophila, and white eyes and
miniature wings are recessive mutant alleles.

The idea that recessive mutant alleles usually cause a substantial
decrease in the expression of a functional protein is supported by the
analysis of many human genetic diseases. Keep in mind that a genetic
disease is usually caused by a mutant allele. Table 4.2 lists several

Protein That Is Produced

Disease by the Normal Gene* Description

Phenylketonuria Phenylalanine hydroxylase

Inability to metabolize phenylalanine. The disease can be prevented by following a phenylalanine-free diet.

If the diet is not followed early in life, it can lead to severe mental impairment and physical degeneration.

Albinism Tyrosinase

Tay-Sachs disease  Hexosaminidase A

Sandhoff disease ~ Hexosaminidase B

deterioration.

Cystic fibrosis Chloride transporter

Lack of pigmentation in the skin, eyes, and hair.
Defect in lipid metabolism. Leads to paralysis, blindness, and early death.

Defect in lipid metabolism. Muscle weakness in infancy, early blindness, and progressive mental and motor

Inability to regulate ion balance across epithelial cells. Leads to production of thick mucus and results in

chronic lung infections, infertility, and organ malfunctions.

Lesch-Nyhan
syndrome

Hypoxanthine-guanine
phosphoribosyl transferase

Inability to metabolize purines, which are bases found in DNA and RNA. Leads to self-mutilation behavior, poor
motor skills, and usually mental impairment and kidney failure.

*Individuals who exhibit the disease are either homozygous for a recessive allele or hemizygous (for X-linked genes in human males). The disease symptoms result from a defect in the

amount or function of the normal protein.



Dominant (functional) allele: P (purple)
Recessive (defective) allele: p (white)

Genotype PP Pp pp

Amount of
functional
protein P 100% 50% 0%

Phenotype Purple White

Simple dominant/
recessive
relationship

FIGURE 4.2 A comparison of protein levels among homozygous
(PP or pp) and heterozygous (Pp) genotypes.

Genes—Traits In a simple dominant/recessive relationship, 50% of the protein
encoded by one copy of the dominant allele in the heterozygote is sufficient to
produce the wild-type phenotype, in this case, purple flowers. A complete lack
of the functional protein results in white flowers.

CONCEPT CHECK: Does a PP individual produce more of the protein encoded
by the P gene than is necessary for the purple color?

examples of human genetic diseases in which the recessive allele fails
to produce a specific cellular protein in its active form. In many cases,
molecular techniques have enabled researchers to clone these genes
and determine the differences between the wild-type and mutant al-
leles. They have found that the recessive allele usually contains a mu-
tation that causes a defect in the synthesis of a fully functional protein.
To understand why many defective mutant alleles are inher-
ited recessively, we need to take a quantitative look at protein
function. With the exception of sex-linked genes, diploid individu-
als have two copies of every gene. In a simple dominant/recessive
relationship, the recessive allele does not affect the phenotype of
the heterozygote. In other words, a single copy of the dominant
allele is sufficient to mask the effects of the recessive allele. If the
recessive allele cannot produce a functional protein, how do we
explain the wild-type phenotype of the heterozygote? As described
in Figure 4.2, a common explanation is that 50% of the functional
protein is adequate to provide the wild-type phenotype. In this
example, the PP homozygote and Pp heterozygote each make suf-
ficient amounts of the functional protein to yield purple flowers.
A second possible explanation for other dominant alleles is
that the heterozygote actually produces more than 50% of the
functional protein. Due to gene regulation, the expression of the
normal gene may be increased or “up-regulated” in the heterozy-
gote to compensate for the lack of function of the defective allele.
The topic of gene regulation is discussed in Chapters 14 and 15.

Dominant Mutant Alleles Usually Exert Their
Effects in One of Three Ways

Though dominant mutant alleles are much less common than reces-
sive mutant alleles, they do occur in natural populations. How can a
mutant allele be dominant over a wild-type allele? Three explana-
tions account for most dominant mutant alleles: a gain-of-function
mutation, a dominant-negative mutation, or haploinsufficiency.
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¢ Gain-of-function mutations change the gene or the pro-
tein encoded by a gene so it gains a new or abnormal func-
tion. For example, a mutant gene may be overexpressed or
it may be expressed in the wrong cell type.

¢ Dominant-negative mutations change a protein such that
the mutant protein acts antagonistically to the normal protein.
In a heterozygote, the mutant protein counteracts the effects
of the normal protein, thereby altering the phenotype.

e In haploinsufficiency, the dominant mutant allele is a
loss-of-function allele. Haploinsufficiency is used to de-
scribe patterns of inheritance in which a heterozygote
(with one functional allele and one inactive allele) exhibits
an abnormal or disease phenotype. An example in humans
is polydactyly, which is discussed next.

Traits May Skip a Generation Due to Incomplete
Penetrance and Vary in Their Expressivity

As we have seen, dominant alleles are expected to influence the
outcome of a trait when they are present in heterozygotes. Occa-
sionally, however, this may not occur.

¢ The phenomenon called incomplete penetrance is a situ-
ation in which an allele that is expected to cause a particu-
lar phenotype does not.

Figure 4.3a illustrates a human pedigree for a dominant trait
known as polydactyly. This trait causes the affected individual to
have additional fingers or toes (or both) (Figure 4.3b). Polydac-
tyly is due to an autosomal dominant allele—the allele is found in
a gene located on an autosome (not a sex chromosome) and a sin-
gle copy of this allele is sufficient to cause this condition. Some-
times, however, individuals carry the dominant allele but do not
exhibit the trait. In Figure 4.3a, individual III-2 has inherited the
polydactyly allele from his mother and passed the allele to a
daughter and son. However, individual III-2 does not actually ex-
hibit the trait himself, even though he is a heterozygote. In the case
of polydactyly, the dominant allele does not always “penetrate”
into the phenotype of the individual. Alternatively, for recessive
traits, incomplete penetrance occurs if a homozygote carrying the
recessive allele does not exhibit the recessive trait.

The measure of penetrance is described at the population
level. For example, if 60% of the heterozygotes carrying a domi-
nant allele exhibit the trait, we say that this trait is 60% penetrant.
At the individual level, the trait is either present or not.

Another term used to describe the outcome of traits is the
degree to which the trait is expressed, or its expressivity. In the
case of polydactyly, the number of extra digits can vary. For ex-
ample, one individual may have an extra toe on only one foot,
whereas a second individual may have extra digits on both the
hands and feet. Using genetic terminology, a person with several
extra digits would have high expressivity of this trait, whereas a
person with a single extra digit would have low expressivity.

How do we explain incomplete penetrance and variable ex-
pressivity? Although the answer may not always be understood,
the range of phenotypes is often due to environmental influences
and/or due to effects of modifier genes in which one or more genes
alter the phenotypic effects of another gene. We will consider the
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I-1 1-2
-1 1-2 1-3 114 1I-5
III-1 1I1-2 II1-3 II1-4 II1-5

(b)

FIGURE 4.3 Polydactyly, a dominant trait that shows incomplete
penetrance. (a) A family pedigree. Affected individuals are shown in
black. Notice that offspring IV-1 and IV-3 have inherited the trait from

a parent, III-2, who is heterozygous but does not exhibit polydactyly.

(b) Antonio Alfonseca, a baseball player with polydactyly.

(b): © Bob Shanley/The Palm Beach Post/ZUMAPRESS/Newscom

CONCEPT CHECK: Which individual(s) in this pedigree exhibit(s) the effect of
incomplete penetrance?

issue of the environment next. The effects of modifier genes will
be discussed later in the chapter.

4.2 COMPREHENSION QUESTIONS

1. Which of the following is not an example of a wild-type allele?
a. Yellow-flowered elderflower orchid
b. Red-flowered elderflower orchid
c. Agray elephant
d. Analbino (white) elephant
2. Dominant alleles may result from mutations that cause
a. the overexpression of a gene or its protein product.
b. a protein to inhibit the function of a normal protein.
c. a protein to be inactive and 50% of the normal protein is
insufficient for a normal phenotype.
d. all of the above.

3. Polydactyly is a condition in which a person has extra fingers
and/or toes. It is caused by a dominant allele. If a person carries
this allele but does not have any extra fingers or toes, this is an
example of
a. haploinsufficiency.

b. a dominant negative mutation.
c. incomplete penetrance.
d. a gain-of-function mutation.

4.3 ENVIRONMENTAL EFFECTS

ON GENE EXPRESSION

Learning Outcomes:

1. Discuss the role of the environment with regard to an
individual’s traits.
2. Define norm of reaction.

Throughout this book, our study of genetics tends to focus on the
roles of genes in the outcome of traits. In addition to genetics, envi-
ronmental conditions have a great effect on the phenotype of the in-
dividual. For example, the arctic fox (Alopex lagopus) goes through
two color phases. During the cold winter, it is primarily white, but
in the warmer summer, the fox is mostly brown (Figure 4.4a). This
is an example of a temperature-sensitive allele. The phenotypic
effects are dependent on the temperature.

A dramatic example of the relationship between environ-
ment and phenotype can be seen in the human genetic disease
known as phenylketonuria (PKU). This autosomal recessive dis-
ease is caused by a defect in a gene that encodes the enzyme phe-
nylalanine hydroxylase. Homozygous individuals with this
defective allele are unable to metabolize the amino acid phenylala-
nine properly. When given a standard diet containing phenylala-
nine, which is found in most protein-rich foods, PKU individuals
manifest a variety of detrimental traits including mental impair-
ment, underdeveloped teeth, and foul-smelling urine. In contrast,
when PKU is diagnosed early and patients follow a restricted diet
free of phenylalanine, they develop properly (Figure 4.4b). Since
the 1960s, testing methods have been developed that can deter-
mine if an individual is lacking the phenylalanine hydroxylase
enzyme. These tests permit the identification of infants who have
PKU, and their diets can then be modified before the harmful ef-
fects of phenylalanine ingestion have occurred. As a result of gov-
ernment legislation, more than 90% of infants born in the United
States are now tested for PKU. This test prevents a great deal of
human suffering and is also cost-effective. In the United States,
the annual cost of PKU testing is estimated to be a few million
dollars, whereas the cost of treating severely affected individuals
with the disease would be hundreds of millions of dollars.

The examples of the arctic fox and PKU represent dramatic
effects of very different environmental conditions. When consider-
ing the environment, geneticists often examine a range of conditions,
rather than simply observing phenotypes under two different condi-
tions. The term norm of reaction refers to the effects of environmental
variation on a phenotype. Specifically, it is the phenotypic range seen
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(a) Arctic fox in winter and summer
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FIGURE 4.4 Variation in the expression of traits due to environmental effects. (a) The arctic fox (Alopex lagopus) in the winter and summer.
(b) A person with PKU who has followed a restricted diet and developed properly. (¢) Norm of reaction. In this experiment, fertilized eggs from a popu-

lation of genetically identical fruit flies (Drosophila melanogaster) were allowed to develop into adult flies at different environmental temperatures. The

graph shows the relationship between temperature (an environmental factor) and facet number in the eyes of the resulting adult flies. The micrograph

shows an eye of D. melanogaster.

(a) (left): © Dmitry Deshevykh/Getty Images RF; (right): Images © Roger Eritja/Getty Images; (b): © Sally Haugen/Virginia Schuett, www.pkunews.org; (c) (right): © Phototake, Inc./Alamy
CONCEPT CHECK: What are the two main factors that determine an organism’s traits?

in individuals with a particular genotype. To evaluate the norm of
reaction, researchers begin with true-breeding strains that have the
same genotypes and subject them to different environmental condi-
tions. As an example, let’s consider facet number in the eyes of fruit
flies, Drosophila melanogaster. This species has compound eyes
composed of many individual facets. Figure 4.4¢ shows the norm of
reaction for facet number in genetically identical fruit flies that de-
veloped at different temperatures. As shown in the graph, the facet
number varies with changes in temperature. At a lower temperature
(15°C), the facet number is over 1000, whereas at a higher tempera-
ture (30°C), it is approximately 750.

4.3 COMPREHENSION QUESTION

1. The outcome of an individual’s traits is controlled by
a. genes.
b. the environment.
c. both genes and the environment.
d. neither genes nor the environment.

4.4 INCOMPLETE DOMINANCE,
OVERDOMINANCE, AND

CODOMINANCE

Learning Outcomes:

1. Predict the outcome of crosses involving incomplete domi-
nance, overdominance, and codominance.

2. Explain the underlying molecular mechanisms of incomplete
dominance, overdominance, and codominance.

Thus far, we have considered inheritance patterns that follow a
simple dominant/recessive inheritance pattern. In these cases, the
heterozygote exhibits a phenotype that is the same as a homozy-
gote that carries two copies of the dominant allele but different
from the homozygote carrying two copies of the recessive allele.
In this section, we will examine three different inheritance pat-
terns in which the heterozygote shows a phenotype that is different
from both types of homozygotes.
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Incomplete Dominance Occurs When Two Alleles
Produce an Intermediate Phenotype

Although many alleles display a simple dominant/recessive relation-
ship, geneticists have also identified some cases in which a heterozy-
gote exhibits incomplete dominance—a condition in which the
phenotype is intermediate between the corresponding homozygous
individuals. In 1905, German botanist Carl Correns first observed
this phenomenon in the color of the flowers of the four-o’clock plant
(Mirabilis jalapa). Figure 4.5 describes Correns’ experiment, in
which a homozygous red-flowered four-o’clock plant was crossed to a
homozygous white-flowered plant. The wild-type allele for red flower
color is designated C* and the white allele is C. As shown in the
figure, the offspring had pink flowers. When these F; offspring were
allowed to self-fertilize, the F, generation consisted of 1/4 red-
flowered plants, 1/2 pink-flowered plants, and 1/4 white-flowered

Red White
P generation
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F, generation
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F, generation @

£ L
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FIGURE 4.5 Incomplete dominance in the
four-o’clock plant, Mirabilis jalapa.
I TERACTIVE Genes— Traits When two different homozygotes (C*C* and
C"C") of the four o’clock plant are crossed, the resulting
heterozygote, C*C", has an intermediate phenotype of pink flowers. In the
heterozygote, 50% of the functional protein encoded by the C* allele is not
sufficient to produce a red phenotype.

CONCEPT CHECK: At the molecular level, what is the explanation for why
the four-o’clock flowers are pink instead of red?

EXTENSIONS OF MENDELIAN INHERITANCE

plants. The pink plants in the F, generation were heterozygotes with an
intermediate phenotype. As noted in the Punnett square in Figure 4.5,
the F, generation displayed a 1:2:1 phenotypic ratio, which is different
from the 3:1 ratio observed for simple Mendelian inheritance.

In Figure 4.5, incomplete dominance resulted in a heterozy-
gote with an intermediate phenotype. At the molecular level, the
allele that causes a white phenotype is expected to result in a lack
of a functional protein required for pigmentation. Depending on the
effects of gene regulation, the heterozygotes may produce only
50% of the normal protein, but this amount is not sufficient to pro-
duce the same phenotype as the C*C® homozygote, which may
make twice as much of this protein. In this example, a reasonable
explanation is that 50% of the functional protein cannot accomplish
the same level of pigment synthesis that 100% of the protein can.

GENETIC TIPS THE QUESTION: Two pink-flowered

four-o’clocks were crossed to each other. What is the probability that
a group of six offspring from this cross will be composed of one
pink, two white, and three red-flowered plants?

OPIC: What topic in genetics does this question address? The
topic is Mendelian inheritance. More specifically, the question is
about incomplete dominance in four-o’clocks.

o NFORMATION: What information do you know based on the
question and your understanding of the topic? From the question,
you know that two pink-flowered four-o'clock plants are crossed to
each other. From your understanding of the topic, you may remember
that pink-flowered plants are heterozygous and show an intermediate
phenotype. Also, from Chapter 2, you may recall that the multinomial
expansion equation is used to solve problems involving three or more
categories of offspring that are produced in an unordered fashion.

(D roBLEm-soLvING () TRATEGY: Predict the outcome. Make
a calculation. To begin this problem, you need to know the
probability of producing pink, white, and red-flowered offspring.
This can be deduced from a Punnett square, which is shown below.

The cross is C*C" x c*c".

g c® cw
9 CcRcR e
CR
Red Pink
cReW cWeWw
CW
Pink White

Next, you can use the probabilities derived from the Punnett
square in the multinomial expansion equation.

ANSWER: From the Punnett square, the phenotypic ratio for the
offspring is 1 red : 2 pink : 1 white. In other words, 1/4 are expected
to be red, 1/2 pink, and 1/4 white.

pa qb <

P =
alb!c!
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where

n = total number of offspring = 6
a = number of reds = 3

p = probability of red = 1/4

b = number of pinks = 1

g = probability of pink = 1/2

¢ = number of whites =2

r = probability of white = 1/4

If we substitute these values into the equation,
|

~ 3!
P =0.029, or2.9%

P

(1/4)3(172)1(1/4)?

This means that 2.9% of the time we expect to obtain six plants of
which three have red flowers, one has pink flowers, and two have
white flowers.

Our Judgement of Dominance May Depend
on the Level of Examination

Our opinion of whether a trait is dominant or incompletely domi-
nant may depend on how closely we examine the trait in the indi-
vidual. The more closely we look, the more likely we are to discover
that the heterozygote is not quite the same as the wild-type homo-
zygote. For example, Mendel studied the characteristic of pea seed
shape and visually concluded that the RR and Rr genotypes pro-
duced round seeds and the rr genotype produced wrinkled seeds.
The peculiar morphology of the wrinkled seed is caused by a large
decrease in the amount of starch deposition in the seed due to a
defective r allele. More recently, other scientists have dissected
round and wrinkled seeds and examined their contents under the
microscope. They have found that round seeds from heterozygotes
actually contain an intermediate number of starch grains compared
with seeds from the corresponding homozygotes (Figure 4.6).
Within the seed, an intermediate amount of the functional protein
is not enough to produce as many starch grains as in the homozy-
gote carrying two copies of the R allele. Even so, at the level of our
unaided eyes, heterozygotes produce seeds that appear to be round.
With regard to phenotypes, the R allele is dominant to the r allele
at the level of visual examination, but the R and r alleles show in-
complete dominance at the level of starch biosynthesis.

Overdominance Occurs When Heterozygotes
Have Greater Reproductive Success

As we have seen, the environment plays a key role in the outcome of
traits. For certain genes, heterozygotes may display characteristics
that are more beneficial for their survival in a particular environment.
Such heterozygotes may be more likely to survive and reproduce. For
example, a heterozygote may be larger, more disease-resistant, or
better able to withstand harsh environmental conditions.

e The phenomenon in which a heterozygote has greater re-
productive success compared with either of the correspond-
ing homozygotes is called overdominance, or heterozygote
advantage.

Dominant (functional) allele: R (round)
Recessive (defective) allele: r (wrinkled)

Genotype RR Rr "

Amount of functional
(starch-producing)
protein 100% 50% 0%

Phenotype Round Round Wrinkled

With unaided eye I f P
(simple dominant/ \ ) \ )
recessive relationship) -

With microscope
(incomplete
dominance)

FIGURE 4.6 A comparison of phenotype at the macroscopic
and microscopic levels.

Genes—Traits This illustration shows the effects of a heterozygous pea plant
having only 50% of the functional protein needed for starch production. Its
seeds appear to be as round as those of the homozygote carrying two copies
of the R allele, but when examined microscopically, they have only half the
amount of starch as is found in the homozygote’s seeds.

CONCEPT CHECK: At which level is incomplete dominance more likely to be
observed—at the molecular/cellular level or at the organism level?

A well-documented example of overdominance involves a human
allele that causes sickle cell disease in homozygous individuals. This
disease is an autosomal recessive disorder in which the affected indi-
vidual produces an altered form of the protein hemoglobin, which
carries oxygen within red blood cells. Most people carry the Hb"
allele and make hemoglobin A. Individuals affected with sickle cell
disease are homozygous for the Hb® allele and produce only hemo-
globin S. This causes their red blood cells to deform into a sickle
shape under conditions of low oxygen concentration (Figure 4.7a, b).
The sickling phenomenon causes the life span of these cells to be
greatly shortened to only a few weeks, compared with a normal span
of 4 months, and therefore, anemia results. In addition, abnormal
sickled cells can become clogged in the capillaries throughout the
body, leading to localized areas of oxygen depletion. Such an event
causes pain and sometimes tissue and organ damage. For these rea-
sons, the homozygous Hb*Hb® individual usually has a shortened life
span relative to an individual producing hemoglobin A.

In spite of the harmful consequences to homozygotes, the
sickle cell allele has been found at a fairly high frequency among
human populations that are exposed to malaria. The protist genus
that causes malaria, Plasmodium, spends part of its life cycle within
the Anopheles mosquito and another part within the red blood cells
of humans who have been bitten by an infected mosquito. However,
red blood cells of heterozygotes, Hb"Hb®, are likely to rupture
when infected by this parasite, thereby preventing the parasite from
propagating. People who are heterozygous have better resistance to
malaria than do Hb*Hb"* homozygotes, while not incurring the ill
effects of sickle cell disease. Therefore, even though the homozy-
gous Hb3HB® condition is detrimental, the greater survival of the
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FIGURE 4.7
Inheritance of
sickle cell disease.
A comparison of
(a) a normal red blood cell and
(b) one from a person with sickle
cell disease. (¢) The outcome of a
cross between two heterozygous
individuals.

INTERACTIVE
EXERCISE

(a): © Mary Martin/Science Source;
(b): © Science Source

CONCEPT CHECK: Why does the
heterozygote have an advantage?

(a) Normal red blood cell

heterozygote has selected for the presence of the Hb® allele within
populations where malaria is prevalent. When viewing survival in
such a region, overdominance explains the prevalence of the sickle
cell allele. In Chapter 27, we will consider the role that natural se-
lection plays in maintaining alleles that are beneficial to the hetero-
zygote but harmful to the homozygote.

Figure 4.7¢c illustrates the predicted outcome when two het-
erozygotes have children. In this example, 1/4 of the offspring are
HV'HY" (unaffected, not malaria-resistant), 1/2 are Hb*Hb® (unaf-
fected, malaria-resistant), and 1/4 are HbSHD® (have sickle cell
disease). This 1:2:1 ratio deviates from a simple Mendelian 3:1
phenotypic ratio.

Overdominance is usually due to two alleles that produce
proteins with slightly different amino acid sequences. How can we
explain the observation that two protein variants in the Ho* Hb® het-
erozygote produce a more favorable phenotype? There are three
common explanations.

Disease Resistance In the case of sickle cell disease, the pheno-
type is related to the infectivity of Plasmodium (Figure 4.8a). In the
heterozygote, the infectious agent is less likely to propagate within
red blood cells. Interestingly, researchers have speculated that
other alleles in humans may confer disease resistance in the het-
erozygous condition but are detrimental in the homozygous state.
These include PKU, in which the heterozygous fetus may be resis-
tant to miscarriage caused by a fungal toxin, and Tay-Sachs dis-
ease, in which the heterozygote may be resistant to tuberculosis.

Subunit Composition of Proteins A second way to explain
overdominance is related to the subunit composition of proteins.
In some cases, a protein functions as a complex of multiple sub-
units; each subunit is composed of one polypeptide. A protein
composed of two subunits is called a dimer. When both subunits
are encoded by the same gene, the protein is a homodimer. The
prefix homo- means that the subunits come from the same type
of gene although the gene may exist in different alleles. Figure 4.8b
considers a situation in which a gene exists in two alleles that
encode polypeptides designated Al and A2. Homozygous indi-
viduals can produce only A1A1 or A2A2 homodimers, whereas
a heterozygote can also produce an A1A2 homodimer. Thus,
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(b) Sickled red blood cell

HbA HbS x HbA HbS

\

Sperm
HbA HbS
Hb” Hb” HbA Hb®
HbA (unaffected, (unaffected,
not malaria- malaria-
resistant) resistant)
Egg
HbA” HbS HbS HbS
HbS (unaffected, (sickle cell
malaria- disease)
resistant)

(c) Example of sickle cell inheritance
pattern

heterozygotes can produce three forms of the homodimer, ho-
mozygotes only one. For some proteins, A1A2 homodimers
may have better functional activity because they are more stable
or able to function under a wider range of conditions. The
greater activity of the homodimer protein may be the underlying

Pathogen can Pathogen
successfully cannot
propagate. successfully
propagate.
[ A1AT ) [ A1A2 |
Normal homozygote Heterozygote

(sensitive to infection) (resistant to infection)

(a) Disease resistance

A2 A2

5

(b) Homodimer formation

@ 2

The homozygotes that are AJAI or A2A2

will make homodimers that are A1A1 and
A2A2, respectively. The A/A2 heterozygote
can make A1A1 and A2A?2 and can also make
A1A2 homodimers, which may have better
functional activity.

A heterozygote, EI1E2, would
produce both enzymes and
have a broader temperature

27°-32°C 30°-37°C range (i.e., 27°~37°C) in which
(optimum (optimum the enzyme would function.
temperature temperature

range) range)

(c) Variation in functional activity

FIGURE 4.8 Three possible explanations for overdominance
at the molecular level.

CONCEPT CHECK: Which of these three scenarios explains overdominance
with regard to the sickle cell allele?
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reason why a heterozygote has characteristics superior to either
homozygote.

Differences in Protein Function A third molecular explana-
tion of overdominance is that the proteins encoded by each allele
exhibit differences in their functional activity. For example, suppose
that a gene encodes a metabolic enzyme that can be found in two
forms (corresponding to the two alleles), one that functions better at
a lower temperature and the other that functions optimally at a
higher temperature (Figure 4.8c). The heterozygote, which makes a
mixture of both enzymes, may be at an advantage under a wider
temperature range than either of the corresponding homozygotes.

Alleles of the ABO Blood Group Can Be Dominant,
Recessive, or Codominant

Thus far, we have considered examples in which a gene exists in
two different alleles. As researchers have probed genes at the mo-
lecular level within natural populations of organisms, they have
discovered that most genes exist in multiple alleles. Within a
population, genes are typically found in three or more alleles.

The ABO group of antigens, which determine blood type in
humans, is an example involving multiple alleles and illustrates yet
another allelic relationship called codominance. To understand this
concept, we first need to examine the molecular characteristics of
human blood types. The plasma membranes of red blood cells have
groups of interconnected sugars—oligosaccharides—that act as
surface antigens (Figure 4.9a). Antigens are molecular structures
that are recognized by antibodies produced by the immune system.

A person who is homozygous ii has type O blood and pro-
duces a relatively short oligosaccharide, which is called H antigen.
The i allele is recessive to both /* and /°. A homozygous F*I* or
heterozygous /i individual has type A blood. The red blood cells of
this individual contain the surface antigen known as A. Similarly, a
homozygous I°I? or heterozygous I°i individual produces surface
antigen B. As Figure 4.9a indicates, surface antigens A and B have
different molecular structures. A person who is I*I* has the blood
type AB and expresses both surface antigens A and B.

* The phenomenon in which two alleles are both expressed
in the heterozygous individual is called codominance. In
this case, the ! and I alleles are codominant to each other.

As an example of the inheritance of blood type, let’s consider
the possible offspring between two parents who are I*i and I%i
(Figure 4.9b). The Ii parent makes I* and i gametes, and the
I%i parent makes I® and i gametes. These combine to produce
I*I%, I, I%i, and ii offspring in a 1:1:1:1 ratio. The resulting
blood types of the offspring are AB, A, B, and O, respectively.

Biochemists have analyzed the oligosaccharides produced
on the surfaces of cells of differing blood types. In type O, the
oligosaccharide is smaller than in type A or type B because a
sugar has not been attached to a specific site on the oligosac-
charide. This idea is schematically shown in Figure 4.9a. How
do we explain this difference at the molecular level? The gene
that determines ABO blood type encodes a type of enzyme
called a glycosyl transferase that attaches a sugar to an oligosac-
charide. The i allele carries a mutation that renders this enzyme

inactive, which prevents the attachment of an additional sugar.
By comparison, the two types of glycosyl transferase encoded
by the I* and I” alleles have different structures in their active
sites. The active site is the part of the protein that recognizes
the sugar molecule that will be attached to the oligosaccharide.
The glycosyl transferase encoded by the I allele recognizes
uridine diphosphate N-acetylgalactosamine and attaches
N-acetylgalactosamine to the oligosaccharide (Figure 4.9c¢).
This produces the structure of surface antigen A. In contrast, the
glycosyl transferase encoded by the I* allele recognizes UDP-
galactose and attaches galactose to the oligosaccharide. This
produces the molecular structure of surface antigen B. A person
with type AB blood makes both types of enzymes and thereby
makes oligosaccharides with both types of sugar attached.

A small difference in the structure of the oligosaccharide,
namely, a GalNAc in antigen A versus galactose in antigen B,
explains why the two antigens are different from each other at
the molecular level. These differences enable them to be recog-
nized by different antibodies. A person who has blood type A
makes antibodies to blood type B (refer back to Figure 4.9a). The
antibodies against blood type B require a galactose on the oligo-
saccharide for their proper recognition. This person’s antibodies
will not recognize and destroy their own blood cells, but they
will recognize and destroy the blood cells from a type B person.

With this in mind, let’s consider why blood typing is essential
for safe blood transfusions. The donor’s blood must be an appropri-
ate match with the recipient’s blood. People with type O blood have
the potential to produce antibodies against both A and B antigens if
they receive type A, type B, or type AB blood. After the antibodies
are produced in the recipient of the transfusion, they will react with
the donated blood cells and cause them to agglutinate (clump to-
gether). This is a life-threatening situation that causes the blood
vessels to clog. Other incompatible combinations include a type A
person receiving type B or type AB blood and a type B person re-
ceiving type A or type AB blood. Because individuals with type AB
blood do not produce antibodies to either A or B antigens, they can
receive any type of blood and are known as universal recipients. By
comparison, type O persons are universal donors because their
blood can be given to type O, A, B, and AB people.

4.4 COMPREHENSION QUESTIONS

1. A pink-flowered four-o’clock is crossed to a red-flowered plant.
What is the expected outcome for the offspring's phenotypes?
a. All pink

b. Allred
c. 1red: 2 pink: 1 white
d. 1red: 1 pink

2. Aperson with type AB blood has a child with a person with type
0 blood. What are the possible blood types of the child?
a. AorB

b. A, B,orO
c. AB,AB,or0O
d. Oonly
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Antigen A

£

N-acetyl-
galactosamine
Blood type: O A AB ‘ N-acetylgalactosamine
Genotype: ji JAA or 1A IBIB or IBj 1418 © Galactose
Surface antigen: neither Aor B A B AandB ‘ Fucose
T ) i ) @ N-acetyl-glucosamine
Serum antibodies: against A and B against B against A none

(a) ABO blood types

Type B Type O

EXTENSIONS OF MENDELIAN INHERITANCE

Antigen B

Gaa%
KEY
B

Antigen A Antigen B

Antigen A
Glycosyl transferase
A - B:
Fix encoded by A allele \‘ \<
v
1
+ Active N
site i
Sperm ? ’
/8 i T —>
N-acetyl-
galactosamine
8 #i Antigen B
A Glycosyl transferase ¢
Type AB Type A encoded by /B allele
Egg
Active
1B i site
_>

(b) Example of the ABO inheritance
pattern

Galactose

(c) Formation of A and B antigen by glycosyl transferase

FIGURE 4.9 ABO blood types. (a) A schematic representation of human blood types at the cellular level. Note: This is not
drawn to scale. A red blood cell is much larger than the oligosaccharide on the surface of the cell. (b) The predicted offspring from parents

INTERACTIVE
EXERCISE

who are I and I%i. (¢) The glycosyl transferase encoded by the I and I” alleles recognizes different sugars due to changes in its active

site. The 7 allele results in a nonfunctional enzyme. The antigen produced by type O individuals is called H antigen. Humans of all blood

types do not normally produce antibodies against H antigen.

CONCEPT CHECK: Which allele is an example of a loss-of-function allele?

4.5 GENES ON SEX CHROMOSOMES

Learning Outcomes:

1. Predict the outcome of crosses for X-linked inheritance.
2. Explain pseudoautosomal inheritance.

The term sex chromosomes refers to chromosomes that differ
between males and females. In mammals and fruit flies, the sex chro-
mosomes are designated X and Y. In Chapter 3, we considered experi-
ments in fruit flies which showed that an eye color gene is located on
the X chromosome. In this section, we will further explore the inheri-
tance of traits in which genes are located on sex chromosomes.

The Inheritance Pattern of X-Linked Genes
Can Be Revealed by Reciprocal Crosses

As discussed in Chapter 3, many species have males and females
that differ in their sex chromosome composition. In mammals, for

example, females are XX and males are XY. In such species, cer-
tain traits are governed by genes that are located on a sex chromo-
some. For these traits, the outcome of crosses depends on the
genotypes and sexes of the parents and offspring.

When a gene is located on the X chromosome but not on
the Y chromosome, it follows a pattern of transmission called
X-linked inheritance. The inheritance pattern of X-linked genes
shows certain distinctive features. For example, males transmit
X-linked genes only to their daughters, and sons receive their
X-linked genes from their mothers. The term hemizygous is used
to indicate that males have a single copy of an X-linked gene. A
male mammal is said to be hemizygous for X-linked genes. Be-
cause males of certain species, such as humans, have a single copy
of the X chromosome, another distinctive feature of X-linked in-
heritance is that males are more likely to be affected by rare, reces-
sive X-linked disorders.

As an example, let’s consider a human disease known as
Duchenne muscular dystrophy (DMD), which was first described
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FIGURE 4.10 A human pedigree for Duchenne muscular
dystrophy, an X-linked recessive trait. Affected individuals are shown
with filled symbols. Females who are unaffected with the disease but
have affected sons are presumed to be heterozygous carriers, shown with
half-filled symbols.

CONCEPT CHECK: What features of this pedigree indicate that the allele for
Duchenne muscular dystrophy is X-linked?

by the French neurologist Guillaume Duchenne in the 1860s.
Affected individuals show signs of muscle weakness as early as
age 3. The disease gradually weakens the skeletal muscles and
eventually affects the heart and breathing muscles. Survival is rare
beyond the early 30s. The gene for DMD, found on the X chromo-
some, encodes a protein called dystrophin that is required inside
muscle cells for structural support. Dystrophin is thought to
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strengthen muscle cells by anchoring elements of the internal
cytoskeleton to the plasma membrane. Without it, the plasma
membrane becomes permeable and may rupture.

DMD follows an inheritance pattern called X-linked
recessive—the allele causing the disease is recessive and located
on the X chromosome. In the pedigree shown in Figure 4.10, sev-
eral males are affected by this disorder, as indicated by filled
squares. The mothers of these males are presumed heterozygotes
for the X-linked recessive allele. This recessive disorder is very
rare among females because daughters would have to inherit a
copy of the mutant allele from their mother and a copy from an
affected father.

X-linked muscular dystrophy has also been found in certain
breeds of dogs such as golden retrievers (Figure 4.11a). As in
humans, the mutation occurs in the dystrophin gene, and the
symptoms include severe weakness and muscle atrophy that begin
at about 6 to 8 weeks of age. Many dogs that inherit this disorder
die within the first year of life, though some can live 3 to 5 years
and reproduce.

Figure 4.11b (left side) considers a cross between an unaf-
fected female dog with two copies of the wild-type gene and a
male dog with muscular dystrophy that carries the mutant allele
and has survived to reproductive age. When setting up a Punnett
square involving X-linked traits, we must consider the alleles on
the X chromosome as well as the observation that males may
transmit a Y chromosome instead of the X chromosome. The male
makes two types of gametes, one that carries the X chromosome
and one that carries the Y. The Punnett square must also include
the Y chromosome even though this chromosome does not carry
any X-linked genes. The X chromosomes from the female and

Reciprocal cross

]

INTERACTIVE
EXERCISE

(a) Male golden retriever with
X-linked muscular dystrophy

XPxP  x  xdy

XIxd x XPy

\

Sperm Sperm
xd Y xP Y
XP xd xPy xP xd Xy
xP (unaffected, (unaffected) xd (unaffected, (affected
carrier) carrier) with muscular
dystrophy)
Egg
XPxd xPy XPxd X9y
XD (unaffected, (unaffected) X (unaffected, (affected
carrier) carrier) with muscular
dystrophy)

(b) Examples of X-linked muscular
dystrophy inheritance patterns

FIGURE 4.11 X-linked muscular dystrophy in dogs. (a) The male golden retriever shown here has the disease. (b) The Punnett
square on the left shows a cross between an unaffected female and an affected male. The one on the right shows a reciprocal cross between
an affected female and an unaffected male. D represents the normal allele for the dystrophin gene, and d is the mutant allele that causes a

defect in dystrophin function.

(a): © Fondazione San Raffaele del Monte Tabor/AP Photo

CONCEPT CHECK: Explain why the reciprocal cross yields a different result from the first cross.
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male are designated with their corresponding alleles. When the
Punnett square is filled in, it predicts the X-linked genotypes and
sexes of the offspring. As seen on the left side of Figure 4.11b,
none of the offspring from this cross are affected with the disorder,
although all female offspring are carriers.

The right side of Figure 4.11b shows a reciprocal cross—
a second cross in which the sexes and phenotypes are reversed.
In this case, an affected female animal is crossed to an unaf-
fected male. This cross produces female offspring that are car-
riers and male offspring that are all affected with muscular
dystrophy.

By comparing the two Punnett squares, we see that the
outcome of the reciprocal cross yielded different results. This
is expected with X-linked genes, because the male transmits
the gene only to female offspring, but the female transmits an
X chromosome to both male and female offspring. Because the
male parent does not transmit the X chromosome to his sons, he
does not contribute to their X-linked phenotypes. This explains
why X-linked traits do not behave equally in reciprocal crosses.
Experimentally, the observation that reciprocal crosses do not
yield the same results is an important clue that a trait may be
X-linked.

Genes Located on Mammalian Sex Chromosomes
Can Be Transmitted in an X-Linked, a Y-Linked,
or a Pseudoautosomal Pattern

Our discussion of sex chromosomes has focused on genes that are
located on the X chromosome but not on the Y chromosome. The
term sex-linked gene refers to a gene that is found on one of the
two types of sex chromosomes but not on both. Hundreds of
X-linked genes have been identified in humans and other mam-
mals. By comparison, relatively few genes are located only on the
Y chromosome. These few genes are called holandric genes. An
example of a holandric gene is the SRY gene found in mammals.
Its expression is necessary for proper male development. A
Y-linked inheritance pattern is very distinctive—the gene is trans-
mitted only from fathers to sons.

In addition to sex-linked genes, the X and Y chromosomes
contain short regions of homology where both chromosomes
carry the same genes. Along with several smaller regions, the
human sex chromosomes have three large homologous regions
(Figure 4.12). These regions, which are evolutionarily related,
promote the necessary pairing of the X and Y chromosomes that
occurs during meiosis I of spermatogenesis. Relatively few
genes are located in these homologous regions. One example is
a human gene called Mic2, which encodes a cell surface antigen.
The Mic2 gene is found on both the X and Y chromosomes. It
follows a pattern of inheritance called pseudoautosomal
inheritance. The term pseudoautosomal refers to the idea that
the inheritance pattern of the Mic2 gene is the same as the in-
heritance pattern of a gene located on an autosome even though
the Mic2 gene is actually located on the sex chromosomes. As in
autosomal inheritance, males have two copies of pseudoautoso-
mally inherited genes, and they can transmit the genes to both
daughters and sons.

EXTENSIONS OF MENDELIAN INHERITANCE

Mic2
gene

P

FIGURE 4.12 A comparison of the homologous and nonho-
mologous regions of the X and Y chromosome in humans. The brackets
show three regions of homology between the X and Y chromosome. A
few pseudoautosomal genes, such as Mic2, are found on both the X and
Y chromosomes in these small regions of homology. Researchers estimate
that the X chromosome has about 800 protein-encoding genes and the Y
chromosome has about 50.

CONCEPT CHECK: Why are the homologous regions of the X and Y chromo-
some important during meiosis?

4.5 COMPREHENSION QUESTIONS

1. Across is made between a white-eyed female fruit fly and a red-
eyed male. What would be the reciprocal cross?
a. Female is X"X" and male is X"Y.

b. Female is X" X*" and male is X""Y.
c. Femaleis X' X*" and male is X"Y.
d. Female is X"X" and male is X""Y.

2. Hemophilia is a blood-clotting disorder in humans that follows
an X-linked recessive pattern of inheritance. A man with hemo-
philia and a woman without hemophilia have a daughter with
hemophilia. If you let H represent the normal allele and h the
hemophilia allele, what are the genotypes of the parents?

a. Mother is XX and father is X"Y.
b. Mother is X"X" and father is X".
¢. Mother is X"X" and father is X".
d. Mother is XX and father is X.

4.6 SEX-INFLUENCED AND SEX-

LIMITED INHERITANCE

Learning Outcomes:

1. Compare and contrast sex-influenced inheritance and sex-
limited inheritance.
2. Predict the outcome of crosses for sex-influenced inheritance.

As we have just seen, the transmission pattern of sex-linked genes
depends on whether the gene is on the X or Y chromosome and on the
sex of the offspring. Sex can influence traits in other ways as well.

e The term sex-influenced inheritance refers to the phe-
nomenon in which an allele is dominant in one sex but re-
cessive in the opposite sex. Therefore, sex influence is a
phenomenon of heterozygotes.



FIGURE 4.13 Scurs in cattle, an example of a
sex-influenced trait.
Courtesy of Sheila M. Schmutz, Ph.D.

INTERACTIVE
EXERCISE

CONCEPT CHECK: What is the phenotype of a female cow that is
heterozygous?

Sex-influenced inheritance should not be confused with sex-
linked inheritance. The genes that govern sex-influenced traits are
autosomal, not on the X or Y chromosome. Researchers once
thought that human pattern baldness, which is characterized by hair
loss on the front and top of the head but not on the sides, is an ex-
ample of sex-influenced inheritance. However, recent research indi-
cates that mutations in the androgen receptor gene, which is located
on the X chromosome, often play a key role in pattern baldness.
Therefore, pattern baldness often follows an X-linked pattern of in-
heritance. Even so, variation in other gene(s) located on chromo-
some 20 (an autosome) can be a contributing factor to baldness.

An example of sex-influenced inheritance is found in cattle.
Certain breeds exhibit scurs, which are small hornlike growths on
the frontal bone in the same locations where horns (in other breeds
of cattle) would grow (Figure 4.13). This trait appears to be con-
trolled by a single gene that exists in Sc and sc alleles. The trait is
dominant in males and recessive in females:

Genotype Phenotype
Males Females
ScSc Scurs Scurs
Scsc Scurs No scurs (hornless)
scsc No scurs No scurs

GEN ETlC TI PS THE QUESTION: As we have seen,

having scurs is an example of a sex-influenced trait in cattle that is
dominant in males and recessive in females. A male and a female,
neither of which has scurs, produce a male offspring with scurs.
What are the genotypes of the parents?
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o OPIC: What topic in genetics does this question address? The
topic is Mendelian inheritance. More specifically, the question is
about sex-influenced inheritance.

o NFORMATION: What information do you know based on
the question and your understanding of the topic? From the
question, you know that a male and female without scurs produced
a male offspring with scurs. From your understanding of the topic,
you may remember that the unique feature of sex-influenced
inheritance is that the trait is dominant in one sex and recessive in
the other.

(DroeLem-sowving ) TRATEGY: Predict the outcome. One
strategy to solve this type of problem is to use a Punnett square to
predict the possible outcomes of this cross. Because the father
does not have scurs, you know he must be homozygous, scsc.
Otherwise, he would have scurs. A female without scurs can be
either Scsc or scsc. Therefore, two Punnett squares are possible,
which are shown below.

d sc sc d sc sc
Sc Scsc Scsc sc scsc scsc
sc scsc scsc sc scsc scsc

ANSWER: Because this cross has produced a male offspring with
scurs (see gray-shaded boxes in the Punnett square on the left), you
know that the female must be Scsc in order to pass the Sc allele to
her son.

Some Traits Are Limited to One Sex

Another way in which sex affects an organism’s phenotype is by
sex-limited inheritance, in which a trait occurs in only one of the
two sexes. Such genes are controlled by sex hormones or by the
pathway that leads to male and female development, which is de-
scribed in Chapter 26. The genes that affect sex-limited traits may
be autosomal or X-linked. In humans, examples of sex-limited
traits are the presence of ovaries in females and the presence of
testes in males. Due to these two sex-limited traits, mature females
only produce eggs, whereas mature males only produce sperm.

Sex-limited traits are responsible for sexual dimorphism in
which members of the opposite sex have different morphological
features. This phenomenon is common among many animal spe-
cies and is often striking among various species of birds in which
the male has more ornate plumage than the female. As shown in
Figure 4.14, roosters have a larger comb and wattles and longer
neck and tail feathers than do hens. These sex-limited features are
never found in normal hens.
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(a) Hen (b) Rooster

FIGURE 4.14 Differences in morphological features between
female and male chickens, an example of sex-limited inheritance.
(a): © Pixtal/agefotostock RF; (b): © Image Source/PunchStock RF

CONCEPT CHECK: What is the molecular explanation for sex-limited
inheritance?

4.6 COMPREHENSION QUESTION

1. A cow with scurs and a bull with no scurs have an offspring. This
offspring could be
a. afemale with scurs or a male with scurs.
b. afemale with no scurs or a male with scurs.
¢. afemale with scurs or a male with no scurs.
d. afemale with no scurs or a male with no scurs.

4.7 LETHAL ALLELES

Learning Outcomes:

1. Describe the different types of lethal alleles.
2. Predict how lethal alleles may affect the outcome of a cross.

Let’s now turn our attention to alleles that have the most detri-
mental effect on phenotype—those that result in death. An al-
lele that has the potential to cause the death of an organism is
called a lethal allele. Such alleles are usually inherited in a re-
cessive manner. When the absence of a specific protein results
in a lethal phenotype, the gene that encodes the protein is con-
sidered an essential gene, one that must be present for survival.
Though the proportion varies by species, researchers estimate
that approximately 1/3 of all genes are essential genes. By com-
parison, nonessential genes are not absolutely required for sur-
vival, although they are likely to be beneficial to the organism.
A loss-of-function mutation in a nonessential gene will not usu-
ally cause death. On rare occasions, however, a nonessential
gene may acquire a gain-of-function mutation that causes the
gene product to be abnormally expressed in a way that may in-
terfere with normal cell function and lead to a lethal phenotype.
Therefore, not all lethal mutations occur in essential genes, al-
though the great majority do.

Some lethal alleles may kill an organism only when certain
environmental conditions prevail. Such conditional lethal alleles
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have been extensively studied in experimental organisms. For ex-
ample, some conditional lethal alleles cause an organism to die
only in a particular temperature range. These alleles, called
temperature-sensitive (ts) lethal alleles, have been observed in
many organisms, including Drosophila. A ts lethal allele may be
fatal for a developing larva at a high temperature (30°C), but the
larva survives if grown at a lower temperature (22°C). Temperature-
sensitive lethal alleles are typically caused by mutations that alter
the structure of the encoded protein so it does not function cor-
rectly at the nonpermissive temperature or becomes unfolded and
is rapidly degraded. Conditional lethal alleles may also be identi-
fied when an individual is exposed to a particular agent in the
environment. For example, people with a defect in the gene that
encodes the enzyme glucose-6-phosphate dehydrogenase (G-6-PD)
have a negative reaction to the ingestion of fava beans. This can
lead to an acute hemolytic syndrome with 10% mortality if not
treated properly.

Finally, it is surprising that certain lethal alleles act only in
some individuals. These are called semilethal alleles. Of course,
any particular individual cannot be semidead. However, within a
population, a semilethal allele will cause some individuals to die
but not all of them. The reasons for semilethality are not always
understood, but environmental conditions and the actions of other
genes within the organism may help to prevent the detrimental
effects of certain semilethal alleles. An example of a semilethal
allele is the X-linked white-eyed allele in fruit flies, which is
described in Chapter 3 (see Figure 3.18). Depending on the growth
conditions, approximately 1/4 to 1/3 of the flies that carry this
white-eyed trait die during early stages of development.

In some cases, a lethal allele may produce ratios that seem-
ingly deviate from Mendelian ratios. An example is an allele in a
breed of cats known as Manx, which originated on the Isle of Man
(Figure 4.15a). The Manx cat is a heterozygote that carries a dom-
inant mutant allele affecting the spine. This allele shortens the tail,
resulting in a range of tail lengths from normal to tailless. When
two heterozygous Manx cats are crossed to each other, the ratio of
offspring is 1 normal to 2 Manx. How do we explain the 1:2 ratio?
The answer is that 1/4 of the offspring are homozygous for the
dominant mutant allele, and they die during early embryonic
development (Figure 4.15b). In this case, the Manx phenotype is
dominant in heterozygotes, whereas the dominant mutant allele is
lethal in the homozygous condition.

The time when a lethal allele exerts its effect can vary.
Many lethal alleles disrupt proper cell division and thereby cause
an organism to die at a very early stage. Others may allow a short
period of development before the organism dies. In the case of the
Manx allele, the homozygote dies early in embryonic develop-
ment. Certain inherited diseases in humans, such as Tay-Sachs
(see Table 4.2), result in death during childhood. However, some
lethal alleles may exert their effects later in life, or only under
certain environmental conditions. For example, a human genetic
disease known as Huntington disease is caused by a dominant
allele. The disease is characterized by a progressive degeneration
of the nervous system, dementia, and early death. The age when
these symptoms appear, or the age of onset, is usually between
30 and 50.



FIGURE 4.15

The Manx cat, which
INTERACTIVE carries a lethal allele.

(a) Photo of a Manx cat,
which typically has a shortened tail.
(b) Outcome of a cross between two
Manx cats. Animals that are homozy-
gous for the dominant Manx allele (M)
die during early embryonic development.
(a): © Juniors Bildarchiv GmbH/Alamy

CONCEPT CHECK: Why do you think the
heterozygote offspring of two Manx cats
survives with developmental abnormalities,
whereas the homozygote dies?

(a) A Manx cat

4.7 COMPREHENSION QUESTION

1. The Manx phenotype in cats is caused by a dominant allele that
is lethal in the homozygous state. A Manx cat is crossed to a
normal (non-Manx) cat. What is the expected outcome for the
surviving offspring?

a. All Manx

b. All normal

¢. 1normal: 1 Manx
d. 1normal: 2 Manx

4.8 PLEIOTROPY

Learning Outcome:

1. Explain the phenomenon of pleiotropy.

Before ending our discussion of single-gene inheritance patterns, let’s
take a broader look at how a single gene may affect phenotype. Al-
though we tend to discuss genes within the context of how they influ-
ence a single trait, most genes actually have multiple effects throughout
a cell or throughout a multicellular organism. The multiple effects of
a single gene on the phenotype of an organism is called pleiotropy.
Pleiotropy occurs for several reasons, including the following:

1. The expression of a single gene can affect cell function in
more than one way. For example, a defect in a microtubule
protein may affect cell division and cell movement.

2. A gene may be expressed in different cell types in a multi-
cellular organism.

3. A gene may be expressed at different stages of development.

In all or nearly all cases, the expression of a gene is pleiotropic
with regard to the characteristics of an organism. The expression
of any given gene influences the expression of many other genes
in the genome, and vice versa. Pleiotropy is revealed when
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Mm x Mm
(Manx) + (Manx)

Sperm
M m

MM Mm

M (early (Manx)
embryonic
death) 1:2 ratio
Egg of kittens

Mm mm that are born

m (Manx) (non-Manx)

(b) Example of a Manx
inheritance pattern

researchers study the effects of gene mutations. As an example of
a pleiotropic mutation, let’s consider cystic fibrosis, which is a
recessive human disorder. In the late 1980s, the gene for cystic fi-
brosis was identified. It encodes a protein called the cystic fibrosis
transmembrane conductance regulator (CFTR), which regulates
ionic balance by allowing the transport of chloride ions (Cl")
across epithelial cell membranes.

The mutation that causes cystic fibrosis diminishes the func-
tion of this CI” transporter, affecting several parts of the body in
different ways. Because the movement of Cl™ affects water trans-
port across membranes, the most severe symptom of cystic fibro-
sis is thick mucus in the lungs that occurs because of a water
imbalance. This thickened mucus results in difficulty breathing
and frequent lung infections. Thick mucus can also block the tubes
that carry digestive enzymes from the pancreas to the small intes-
tine. Without these enzymes, certain nutrients are not properly
absorbed into the body. As a result, persons with cystic fibrosis
may show poor weight gain. Another effect is seen in the sweat
glands. A functional C1™ transporter is needed to recycle salt out of
the glands and back into the skin before it can be lost to the outside
world. Persons with cystic fibrosis have excessively salty sweat
due to their inability to recycle salt back into their skin cells—a
common test for cystic fibrosis is measurement of salt on the skin.
Taken together, these symptoms show that a defect in CFTR has
multiple effects throughout the body.

4.8 COMPREHENSION QUESTION

1. Which of the following is a possible explanation for pleiotropy?
a. The expression of a single gene can affect cell function in
more than one way.

b. A gene may be expressed in different cell types in a multi-
cellular organism.

c. A gene may be expressed at different stages of development.
d. All of the above are possible explanations.
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4.9 GENE INTERACTIONS

Learning Outcomes:

1. Define gene interaction.

2. Predict the outcome of crosses involving epistasis, comple-
mentation, gene modifiers, and gene redundancy.

3. Describe examples that explain the molecular mechanisms
of epistasis, complementation, gene modifier effects, and
gene redundancy.

Thus far, we have considered the effects of single genes on the
outcome of traits. This approach helps us to understand the vari-
ous ways that alleles influence traits. Researchers often examine
the effects of a single gene on the outcome of a single trait as a way
to simplify the genetic analysis. For example, Mendel studied one
gene that affected the height of pea plants—tall versus dwarf al-
leles. Actually, many other genes in pea plants also affect height,
but Mendel did not happen to study variants in those other height
genes. How then did Mendel study the effects of a single gene?
The answer lies in the genotypes of his strains. Although many
genes affect the height of pea plants, Mendel chose true-breeding
strains that differed with regard to only one of those genes. As a
hypothetical example, let’s suppose that pea plants have 10 genes
affecting height, which we will call K, L, M, N, O, P, Q, R, S, and
T. The genotypes of two hypothetical strains of pea plants may be

Tall strain: KK LL MM NN OO PP QQ RR SSTT
Dwarf strain: KK LL MM NN OO PP QQ RR SS tt

In this example, the alleles affecting height differ at only a single
gene. One strain is 77 and the other is #, and this accounts for the
difference in their height. If we make crosses between these tall and
dwarf strains, the genotypes of the F, offspring may differ with re-
gard to only one gene; the other nine genes will be identical in all of
them. This approach allows a researcher to study the effects of a
single gene even though many genes may affect a single trait.

Researchers now appreciate that essentially all traits are af-
fected by the contributions of many genes. Morphological features
such as height, weight, growth rate, and pigmentation are all af-
fected by the expression of many different genes in combination
with environmental factors. In this section, we will further our
understanding of genetics by considering how the allelic variants
of two different genes affect a single trait. This phenomenon is
known as gene interaction. Table 4.3 considers several examples
of inheritance patterns in which two different genes interact to in-
fluence the outcome of particular traits. In this section, we will
examine these examples in greater detail.

A Gene Interaction Can Exhibit Epistasis
and Complementation

In the early 1900s, William Bateson and Reginald Punnett discov-
ered an unexpected gene interaction when studying crosses involv-
ing the sweet pea, Lathyrus odoratus. The wild sweet pea has
purple flowers. However, these researchers obtained several true-
breeding mutant varieties with white flowers. Not surprisingly,
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TABLE 4.3

Types of Mendelian Inheritance Patterns Involving Two Genes

Type Description

Epistasis An inheritance pattern in which the alleles of one
gene mask the phenotypic effects of the alleles of

a different gene.

Complementation A phenomenon in which two parents that express
the same or similar recessive phenotypes produce

offspring with a wild-type phenotype.

Gene modifier effect A phenomenon in which an allele of one gene mod-
ifies the phenotypic outcome of the alleles of a dif-
ferent gene.

Gene redundancy A pattern in which the loss of function in a single gene
has no phenotypic effect, but the loss of function of
two genes has an effect. Functionality of only one
of the two genes is necessary for a normal pheno-

type; the genes are functionally redundant.

when they crossed a true-breeding purple-flowered plant to a
true-breeding white-flowered plant, the F; generation had all
purple-flowered plants and the F, generation (produced by self-
fertilization of the F; generation) consisted of purple- and white-
flowered plants in a 3:1 ratio.

A surprising result came in an experiment where Bateson
and Punnett crossed two different varieties of white-flowered
plants (Figure 4.16). All of the F; generation plants had purple
flowers! The researchers then allowed the F; offspring to self-
fertilize. The F, generation resulted in purple and white flowers in
aratio of 9 purple to 7 white. From this result, Bateson and Punnett
deduced that two different genes were involved, with the following
relationship:

C (one purple-color-producing) allele is dominant to

¢ (white).

P (another purple-color-producing) allele is dominant to
p (white).

cc or pp masks the P or C allele, producing white color.

When the alleles of one gene mask the phenotypic effects of the
alleles of another gene, the phenomenon is called epistasis.
Geneticists describe epistasis relative to a particular phenotype. If
possible, geneticists use the wild-type phenotype as their reference
phenotype when describing an epistatic interaction. In the case of
sweet peas, purple flowers are wild type. Homozygosity for the
white allele of one gene masks the expression of the purple-
producing allele of another gene. In other words, the cc genotype
is epistatic to a purple phenotype, and the pp genotype is also epi-
static to a purple phenotype. At the level of genotypes, cc is epi-
static to PP or Pp, and pp is epistatic to CC or Cc. This is an
example of recessive epistasis. As seen in Figure 4.16, this epi-
static interaction produces only two phenotypes—purple or white
flowers—in a 9:7 ratio.

Epistasis often occurs because two (or more) different pro-
teins participate in a common function. For example, two or more
proteins may be part of an enzymatic pathway leading to the



P generation

White variety #1 White variety #2
(CCpp) (ccPP)

Complementation: Each
recessive allele (c and p)

is complemented by a
wild-type allele (C and P).
This phenomenon indicates
that the recessive alleles
are in different genes.

F, generation

All purple
(CcPp)

Self-fertilization

F, generation
CP Cp cP cp

CCPP CCPp | CcPP CcPp
Purple | Purple | Purple | Purple

cp Epistasis: Homozygosity

for the recessive allele

of either gene results in
cp CCPp | CCpp | CcPp | Cepp a white phenotype, thereby
Purple | White | Purple | White masking the purple
(wild-type) phenotype.
CcPP | CcPp | ccPP | ccPp Both gene products
cP ) . encoded by the wild-type
Purple | Purple | White | White alleles (C and P) are
needed for a purple
phenotype.

CcPp Ccpp ccPp ccpp

cp
Purple | White | White | White

FIGURE 4.16 A cross between two different
white varieties of the sweet pea.
INTERACTIVE

EXERCISE Genes—Traits The color of the sweet pea flower is controlled
by two genes, which are epistatic to each other and show
complementation. Each gene is necessary for the production

of an enzyme required for pigment synthesis. The recessive allele of either

gene encodes a defective enzyme. If an individual is homozygous recessive for
either of the two genes, the purple pigment cannot be synthesized. This
results in a white phenotype.

CONCEPT CHECK: What do the terms epistasis and complementation mean?

formation of a single product. To illustrate this idea, let’s consider
the formation of a purple pigment in the sweet pea flower:

colorless
intermediate

colorless Enzyme C
—_—
precursor

Enzyme P Purple
pigment

In this example, a colorless precursor molecule must be
acted on by two different enzymes to produce the purple pigment.
Gene C encodes a functional protein called enzyme C, which con-
verts the colorless precursor into a colorless intermediate. Two
copies of the recessive allele (cc) result in a lack of production of
this enzyme in the homozygote. Gene P encodes a functional
enzyme P, which converts the colorless intermediate into the pur-
ple pigment. If a plant is homozygous for either recessive allele
(cc or pp), it will not make any functional enzyme C or enzyme P,
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AaCc x AaCc (Agouti)

Y

Sperm
AC Ac aC ac

AACC AACc AaCC AaCc
AC

Agouti Agouti Agouti Agouti

AACc AAcc AaCc Aacc
Ac

Agouti Albino Agouti Albino

Egg

AaCC AaCc aaCC aaCc
aC

Agouti Agouti Black Black

AaCc Aacc aaCc aacc
ac

Agouti Albino Black Albino

FIGURE 4.17 Inheritance pattern of coat color in rodents
involving a gene interaction between the agouti gene (A or a) and
the gene conferring color (C or ¢).

respectively. When one of these enzymes is missing, purple pig-
ment cannot be made, and the flowers remain white.

The parental cross shown in Figure 4.16 illustrates another
genetic phenomenon called complementation. This term refers to
the production of offspring with a wild-type phenotype from par-
ents that both display the same or similar recessive phenotype. In
the case shown in the figure, purple-flowered F, offspring were
obtained from two white-flowered parents. Complementation typ-
ically occurs because the recessive phenotype in the parents is due
to homozgyosity at two different genes. In our sweet pea example,
one parent is CCpp and the other is ccPP. In the F, offspring, the
C and P alleles, which are wild-type and dominant, complement
the ¢ and p alleles, which are recessive. The offspring must have
one wild-type allele of both genes to display the wild-type pheno-
type. Why is complementation an important experimental obser-
vation? When geneticists observe complementation in a genetic
cross, this result suggests that the recessive phenotype in the two
parent strains is caused by mutant alleles in two different genes.

A Gene Interaction Can Result in a
Gene Modifier Effect

Coat color in rodents provides an example of a gene interaction
that produces three phenotypes. Two genes are involved that can
be dominant or recessive alleles. For one gene, the alleles are des-
ignated A (for Agouti) and a, and for the other gene, they are C (for
color production) and c. If animals are crossed that are heterozy-
gous for both genes, they produce agouti, black, and albino off-
spring in a 9:3:4 ratio (Figure 4.17).



94 CHAPTER 4 ::

How do we explain this ratio? The dominant A allele of the
agouti gene encodes a protein that regulates hair color in such a
way that the pigmentation shifts from black (eumelanin) at the tips
to yellow (pheomelanin) and black near the roots. The mixture of
yellow and black produces brown. The recessive allele, a, inhibits
the expression of yellow pigmentation and results in black pig-
ment production throughout the entire hair when an animal is aa.
The other gene encodes tyrosinase, which is an enzyme needed for
the first step in melanin synthesis. The C allele allows pigmenta-
tion to occur, whereas the ¢ allele causes the loss of tyrosinase
function. The C allele is dominant to the c allele; cc homozygotes
are albino and have white coats.

As shown at the top of Figure 4.17, the parents are heterozy-
gous for the two genes. In this case, C is dominant to ¢, and A is
dominant to a. If a rat has at least one copy of both dominant al-
leles, the result is agouti coat color. Let’s consider agouti as our
reference phenotype. If an offspring has a dominant A allele but is
cc homozygous, it will be albino and develop a white coat. The ¢
allele is epistatic to A and masks pigment production.

By comparison, if an individual has a dominant C allele and
is homozygous aa, the coat color is black. How can we view the ef-
fects of the aa genotype when an individual carries a C allele?
Geneticists may view this outcome in two ways. Because the aa
genotype changes the agouti coat color to black, one way to describe
this outcome is a gene modifier effect—the alleles of one gene
modify the phenotypic effect of the alleles of a different gene. The
agouti phenotype has been modified to black. Another way of view-
ing the black phenotype is to consider that the aa genotype actually
masks yellow pigmentation. From this perspective, the black pheno-
type can also be viewed as a result of epistasis.

Due to Gene Redundancy, Loss-of-Function Alleles
May Have No Effect on Phenotype

During the past several decades, researchers have discovered new
kinds of gene interactions by studying model organisms such as

[P | [

Knockout Knockout
of gene A of gene B
A A
Normal Normal
phenotype phenotype
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Escherichia coli (a bacterium), Saccharomyces cerevisiae (baker’s
yeast), Arabidopsis thaliana (a model plant), Drosophila melano-
gaster (fruit fly), Caenorhabditis elegans (a nematode worm), and
Mus musculus (the laboratory mouse). The isolation of mutant al-
leles that alter the phenotypes of these organisms has become a
powerful tool for investigating gene function and has provided ways
for researchers to identify new kinds of gene interactions. With the
advent of modern molecular techniques (described in Chapters 21,
23, and 24), a common approach for investigating gene function is
to intentionally produce loss-of-function alleles in a gene of interest.
When a geneticist abolishes gene function by creating an organism
that is homozygous for a loss-of-function allele, the resulting organ-
ism is said to have undergone a gene knockout.

Why are gene knockouts useful? The primary reason for
making a gene knockout is to understand how that gene affects the
structure and function of cells or the phenotypes of organisms. For
example, if a researcher knocked out a particular gene in a mouse
and the resulting animal was unable to hear, the researcher would
suspect that the role of the functional gene is to promote the for-
mation of ear structures that are vital for hearing.

Interestingly, by studying many gene knockouts in a variety
of experimental organisms, geneticists have discovered that many
knockouts have no obvious effect on phenotype at the cellular
level or the level of discernible traits. To explore gene function
further, researchers may make two or more gene knockouts in the
same organism. In some cases, gene knockouts in two different
genes produce a phenotypic change even though the single knock-
outs have no effect (Figure 4.18). Geneticists may attribute this
change to gene redundancy—the phenomenon in which one gene
can compensate for the loss of function of another gene.

Gene redundancy may be due to different underlying causes.
One common reason is gene duplication. Certain genes have been
duplicated during evolution, so a species may have two or
more copies of similar genes. These copies, which are not identi-
cal due to the accumulation of random changes during evolution,
are called paralogs (look ahead to Figures 8.6 and 8.7). When one

FIGURE 4.18 A molecular expla-
nation for gene redundancy. To have a
normal phenotype, an organism must have a
functional copy of either gene A or gene B.
If both gene A and gene B are knocked out,

| Al

an altered phenotype occurs.

CONCEPT CHECK: Explain why a single gene
Knockout knockout does not always have an effect on the
of both phenotype.
gene A
and gene B

Altered phenotype—
genes A and B are
redundant



gene is missing, a paralog may be able to carry out the missing
function. For example, genes A and B in Figure 4.18 could be
paralogs of each other. Alternatively, gene redundancy may in-
volve proteins that are involved in a common cellular function.
When one of the proteins is missing due to a gene knockout, the
function of another protein may be increased to compensate for
the missing protein and thereby overcome the defect.

Let’s explore the consequences of gene redundancy in a ge-
netic cross. George Shull conducted one of the first studies that
illustrated the phenomenon of gene redundancy. His work involved
a weed known as shepherd’s purse, a member of the mustard fam-
ily. The trait he followed was the shape of the seed capsule, which
is commonly triangular (Figure 4.19). Strains producing smaller
ovate capsules are due to loss-of-function alleles in two different
genes (ftvv). The ovate strain is an example of a double gene
knockout. When Shull crossed a true-breeding plant with triangu-
lar capsules to a plant having ovate capsules, the F; generation all
had triangular capsules. When the F; plants were self-fertilized, a
surprising result came in the F, generation. Shull observed a 15:1
ratio of plants having triangular capsules to ovate capsules. The
result can be explained by gene redundancy. Having at least one
functional copy of either gene (7 or V) is sufficient to produce the
triangular phenotype. 7 and V are functional alleles of redundant
genes. Only one of them is necessary for a triangular shape. When
the functions of both genes are knocked out, as in the ##vv homo-
zygote, the capsule becomes smaller and ovate.

4.9 COMPREHENSION QUESTIONS

1. Two different strains of sweet peas are true-breeding and
have white flowers. When plants of these two strains are
crossed, the F, offspring all have purple flowers. This phenom-
enon is called
a. epistasis. c. incomplete dominance.

b. complementation. d. incomplete penetrance.

2. If the F, offspring from question 1 are allowed to self-fertilize,
what is the expected outcome for the F, offspring?
a. All white c. 3 purple: 1 white

b. All purple d. 9 purple : 7 white
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FIGURE 4.19 Inheritance of capsule shape in shepherd’s
purse, an example of gene redundancy. In this case, triangular cap-
sule shape requires a dominant allele in one of two genes, but not both.
The T and V alleles are redundant.

CONCEPT CHECK: At the molecular level (with regard to loss-of-function
alleles), explain why the {fvv homozygote has an ovate seed capsule.
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CHAPTER SUMMARY

e Mendelian inheritance patterns obey Mendel’s laws.

4.1 Overview of Simple Inheritance Patterns

e Several inheritance patterns involving single genes differ from
those observed by Mendel (see Table 4.1).

4.2 Dominant and Recessive Alleles

* Wild-type alleles are defined as those that are prevalent in a
population. A gene that exists in two or more wild-type alleles
is an example of genetic polymorphism (see Figure 4.1).

* Recessive alleles are often due to mutations that result in a
reduction or loss of function of the encoded protein (see
Figure 4.2 and Table 4.2).

e Dominant mutant alleles are most commonly caused by gain-
of-function mutations, dominant negative mutations, or
haploinsufficiency.

e Incomplete penetrance is a situation in which an allele that is
expected to be expressed is not expressed (see Figure 4.3).

e Traits may vary in their expressivity.

4.3 Environmental Effects on Gene Expression

e The outcome of traits is influenced by the environment (see
Figure 4.4).

4.4 Incomplete Dominance, Overdominance,
and Codominance

e Incomplete dominance is an inheritance pattern in which the
heterozygote has an intermediate phenotype (see Figure 4.5).

* Whether we judge an allele to be dominant or incompletely
dominant may depend on how closely we examine the pheno-
type (see Figure 4.6).

¢ Overdominance is an inheritance pattern in which the heterozy-
gote has greater reproductive success (see Figures 4.7, 4.8).

e Most genes exist in multiple alleles in a population. Some al-
leles, such as those that produce A and B blood antigens, are
codominant (see Figure 4.9).

4.5 Genes on Sex Chromosomes

* X-linked inheritance patterns show differences between
males and females and are revealed in reciprocal crosses
(see Figures 4.10, 4.11).

* The X and Y chromosomes carry different sets of genes, but
they do have regions of short homology that can lead to pseu-
doautosomal inheritance (see Figure 4.12).

4.6 Sex-Influenced and Sex-Limited Inheritance

* For sex-influenced traits, heterozygous males and females have
different phenotypes (see Figure 4.13).

e Sex-limited traits are expressed in only one sex, thereby result-
ing in sexual dimorphism (see Figure 4.14).

4.7 Lethal Alleles

e Lethal alleles most commonly occur in essential genes. Lethal
alleles may result in inheritance patterns that yield unexpected
ratios (see Figure 4.15).

4.8 Pleiotropy

» Single genes have pleiotropic effects.

4.9 Gene Interactions

* A gene interaction is the phenomenon in which two or more
genes affect a single phenotype (see Table 4.3).

» Epistasis is a situation in which the allele of one gene masks the
phenotypic expression of the alleles of a different gene. Com-
plementation occurs when two individuals with similar reces-
sive phenotypes produce offspring with a wild-type phenotype
(see Figure 4.16).

* A gene modifier effect occurs when an allele of one gene modi-
fies (but does not completely mask) the phenotypic effects of
the alleles of a different gene (see Figure 4.17).

* Two different genes may have redundant functions, which is
revealed by a double gene knockout (see Figures 4.18, 4.19).

PROBLEM SETS & INSIGHTS

MORE GENETIC TIPS 1 m Ayrshire cattle, the

spotting of the animals can be either red and white or mahogany and
white. The mahogany and white phenotype is caused by the allele S™.
The red and white phenotype is controlled by the allele S®. The table
below shows the relationship between genotype and phenotype for
males and females:

Phenotype
Genotype Females Males
sMgM Mahogany and white Mahogany and white
SMgR Red and white Mahogany and white
SFsk Red and white Red and white

Explain the pattern of inheritance.

oOPIC: What topic in genetics does this question address? The
topic concerns patterns of Mendelian inheritance. More specifically,
the aim of the question is to determine which of several patterns
(described in Table 4.1) is demonstrated by the spotting colors in
Ayrshire cattle.

oNFORMATION: What information do you know based
on the question and your understanding of the topic?
From the question, you know the relationship between genotype,
phenotype, and sex with regard to spotting colors in Ayreshire
cattle. From your understanding of the topic, you may remember
that certain inheritance patterns result in differences between
males and females.



G ROBLEM-SOLVING e TRATEGY: Compare and contrast.
One strategy to solve this problem is to compare and contrast these
results with the inheritance patterns described in Table 4.1. This
allows you to rule out certain patterns. The data shown in the
question are not consistent with simple Mendelian inheritance
because male and female heterozygotes differ in phenotypes.
Because you are not given a pedigree, you don’t have evidence for
incomplete penetrance. The pattern is not incomplete dominance
or overdominance, because the heterozygote does not have an
intermediate phenotype or greater reproductive success,
respectively. The pattern does not exhibit codominance, because
the heterozygote is not expressing two phenotypes uniquely. It
can’t be X-linked because males carry two copies of the gene. It is
not sex-limited inheritance because neither phenotype is unique to
a particular sex. Finally, the alleles are not lethal.

ANSWER: The inheritance pattern for this trait is sex-influenced in-
heritance. The S allele is dominant in males but recessive in females,
whereas the S* allele is dominant in females but recessive in males.

2. The following pedigree involves a single gene causing an inherited
disease. Assuming that incomplete penetrance is not occurring,
indicate which of the following modes of inheritance is/are not
possible and explain why. (Affected individuals are shown as filled
symbols.)

O—11

I-1 I-2

O M O

II-1 1I-2 1I-3 1I-4

O 0O OO

III-1 II-2 III-3 II1-4

O @ O

Iv-1 Iv-2 V-3

. Recessive
. Dominant
. X-linked, recessive

. Sex-influenced, dominant in females

MmO AW >

Sex-limited, recessive in females

o OPIC: What topic in genetics does this question address? The
topic concerns different patterns of Mendelian inheritance. More
specifically, the aim of the question is to determine which of five
patterns is/are not possible.

0 NFORMATION: What information do you know based on the
question and your understanding of the topic? In the question,
you are given a pedigree involving a human genetic disorder. From
your understanding of the topic, you may remember how the five
patterns of inheritance differ from each other.
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GROBLEM-SOLVING TRATEGY: Analyze data. Predict the
outcome. To solve this problem, you need to analyze the pedigree
and determine if the offspring produced by each set of parents is
consistent with any of the five modes of inheritance. In other
words, you need to predict what types of offspring each set of
parents could produce for the five inheritance patterns. This allows
you to rule out certain patterns.

ANSWER:
A. It could be recessive.

B. It cannot be dominant (and completely penetrant) because
both affected offspring have two unaffected parents.

C. It cannot be X-linked recessive because V-2 is an affected
female. An affected female would have to inherit the disease-
causing allele from both parents. Because males are hemizy-
ous for X-linked traits, this means that her father would also
be affected. However, 11I-4 is unaffected.

D. It cannot be sex-influenced and dominant in females because
individual II-3 is an affected male and would have to be ho-
mozygous for the disease-causing allele. If so, his mother
would have to carry at least one copy of the disease-causing
allele, and she (I-1) would be affected. However, she is not
affected with the disease.

E. It cannot be sex-limited because individual II-3 is an affected
male and IV-2 is an affected female.

3. As described in Figure 4.9, a gene in humans that occurs as

the i, I, and IZ alleles is involved with attaching galactose or
N-acetylgalactosamine to an oligosaccharide on the surface of red
blood cells. In addition, another gene, called the H gene, encodes a
different glycosyl transferase that is needed to attach the sugar fucose
onto the oligosaccharide and thereby make H antigen, which is the
antigen found in type O people.

Glycosyl transferase
encoded by H gene
.

-

h antigen H antigen

This gene may exist as the common allele, H, and as a very rare,
recessive, loss-of-function allele, 4. An individual who is A is unable
to attach fucose, and the resulting oligosaccharide, which is smaller,
is called h antigen. A couple, who do not have type A, B, or AB
blood, have a daughter with type B blood. The daughter’s genotype is
I%i. Her I? allele is not due to a new mutation. How is this possible?
In your answer, describe the genotypes of the mother and father.

o OPIC: What topic in genetics does this question address? The
topic is concerned with Mendelian patterns of inheritance. More
specifically, the question is asking you to form a hypothesis to
explain an unexpected genetic outcome.

o NFORMATION: What information do you know based on the
question and your understanding of the topic? From the
question, you have learned about a gene that encodes a glycosyl
transferase that attaches fucose onto the oligosaccharide on the
surface of red blood cells. You also are given information about
the blood types of a mother, father, and daughter, and you are
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given the genotype of the daughter. From your understanding of
the topic, you may remember that another gene is involved with
blood type (see Figure 4.9). You know that i is recessive to I°. You
also know that the one of the parents must have passed the I*
allele to their daughter, even though she or he does not have type
B or AB blood. This seems mysterious.

TRATEGY: Relate structure and
function. Propose a hypothesis. Predict the outcome. It
appears that the daughter inherited the I® allele from one of her
parents. Our task is to understand why one of them is not
expressing the /% allele. Because the expression of the dominant
I® allele is being masked, this is an example of epistasis. One
strategy to begin to solve this problem is to think about the
relationship between the structure of the oligosaccharide and
the functions of the two types of glycosyl transferases. The
glycosyl transferase encoded by the I* allele recognizes H
antigen and attaches a galactose to the oligosaccharide. The
structure of H antigen is important so the glycosyl transferase

encoded by the /” allele can recognize the oligosaccharide and
attach an additional galactose. If the oligosaccharide is smaller
because it is missing a fucose, it will not be recognized by the
glycosyl transferase encoded by the /% allele. To predict the
outcome of this cross, you could assume that one parent is HHii
and the other is iA and carries at least one copy of the IZ allele.
If that were the case, the daughter would be heterozygous, Hh,
and would make H antigen.

ANSWER: One hypothesis to explain these results is that one parent
is hh and that the glycosyl transferase that attaches galactose is unable
to recognize the smaller oligosaccharide on the surface of red blood
cells. Another way of saying this is that the hh genotype is epistatic to
2. This parent could be either kA%, hhIPIE, or hhI*I? in order to pass
the % allele to the daughter. The other parent’s genotype is HHii, and
the daughter’s genotype is Hhal%i. Note: The hh genotype, which is
very rare, is also called the Bombay genotype because the first case
was reported in Mumbai (formerly Bombay).

Conceptual Questions

Cl.

C2.

C3.

C4.

Cs.

Cé.

C7.

CS8.

Co.

Describe the differences among dominance, incomplete domi-
nance, codominance, and overdominance.

Discuss the differences among sex-influenced, sex-limited, and
sex-linked inheritance. Give examples.

What is meant by a gene interaction? How can a gene interaction
be explained at the molecular level?

Let’s suppose a recessive allele encodes a completely defective pro-
tein. If the functional allele is dominant, what does that tell you
about the amount of the functional protein that is sufficient to cause
the phenotype? What if the allele shows incomplete dominance?

A nectarine is a peach without the fuzz. The difference is con-
trolled by a single gene that is found in two alleles, D and d. At the
molecular level, do you think that the nectarine is homozygous for
a recessive allele or that the peach is homozygous for the recessive
allele? Explain your reasoning.

An allele in Drosophila produces a star-eye trait in the heterozy-
gous individual. However, the star-eye allele is lethal in homozy-
gotes. What would be the ratio of phenotypes of surviving
offspring if star-eyed flies were crossed to each other?

A seed dealer wants to sell four-o’clock seeds that will produce
only a single color of flowers (red, white, or pink). Explain how
this should be done.

The blood serum from one individual (let’s call this person indi-
vidual 1) is known to agglutinate the red blood cells from a second
individual (individual 2). List the pairwise combinations of pos-
sible genotypes that individuals 1 and 2 could have. If individual 1
is the parent of individual 2, what are his or her possible
genotypes?

Which blood type phenotypes (A, B, AB, and/or O) provide an
unambiguous genotype? Is it possible for a couple to produce a
family of children in which all four blood types are represented? If
so, what would the genotypes of the parents have to be?

C10. A woman with type B blood has a child with type O blood. What

are the possible genotypes and blood types of the father?

C11. A type A woman is the daughter of a type O father and a type A

mother. If she has children with a type AB man, what are the fol-
lowing probabilities?

A. A type AB child
B. A type O child
C. The first three children with type AB

D. A family composed of two children with type B blood and one
child with type AB

C12. In Shorthorn cattle, coat color is controlled by a single gene that

can exist as a red allele (R) or a white allele (). The heterozy-
gotes (Rr) have a color called roan that looks less red than the
RR homozygotes. However, when examined carefully, the roan
phenotype in cattle is actually due to a mixture of completely
red hairs and completely white hairs. Should this be called
incomplete dominance, codominance, or something else?
Explain your reasoning.

C13. In chickens, the Leghorn variety has white feathers due to an auto-

somal dominant allele. Silkies have white feathers due to a reces-
sive allele in a second (different) gene. If a true-breeding white
Leghorn is crossed to a true-breeding white Silkie, what is the
expected phenotype of the F; generation? If members of the F,
generation are mated to each other, what is the expected pheno-
typic ratio of the F, generation? Assume the chickens in the paren-
tal generation are homozygous for the white allele at one gene and
homozygous for the brown allele at the other gene. In subsequent
generations, nonwhite birds will be brown.

C14. Propose the most likely mode of inheritance (autosomal domi-

nant, autosomal recessive, or X-linked recessive) for the follow-
ing pedigrees. Affected individuals are shown with filled (black)
symbols.
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A human disease known as vitamin D-resistant rickets is
inherited as an X-linked dominant trait. If a male with the
disease produces children with a female who does not have the
disease, what is the expected ratio of affected and unaffected
offspring?

Hemophilia is an X-linked recessive trait in humans. If a heterozy-
gous woman has children with an unaffected man, what is the
probability of each of the following combinations of children?

A. An affected son

B. Four unaffected offspring in a row
C. An unaffected daughter or son

D. Two affected offspring out of five

Incontinentia pigmenti, a rare, X-linked dominant disorder in
humans, is characterized by swirls of pigment in the skin. If an
affected female, who had an unaffected father, has children with an
unaffected male, what are the predicted ratios of affected and
unaffected sons and daughters?

Scurs in cattle is a sex-influenced trait. A cow with no scurs whose
mother had scurs had offspring with a bull with scurs whose father
had no scurs. What are the probabilities of each of the following
combinations of offspring?

C19.

C20.

C21.

C22.
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A. The first offspring will not have scurs.
B. The first offspring will be a male with no scurs.
C. The first three offspring will be females with no scurs.

In rabbits, the color of body fat is controlled by a single gene
with two alleles, designated Y and y. The outcome of this trait
is affected by the diet of the rabbit. When raised on a standard
vegetarian diet, the dominant Y allele confers white body fat,
and the y allele confers yellow body fat. However, when raised
on a xanthophyll-free diet, a homozygote yy rabbit has white
body fat. If a heterozygous rabbit is crossed to a rabbit with
yellow body fat, what are the proportions of offspring with
white and yellow body fat when raised on a standard vegetarian
diet? How do the proportions change if the offspring are raised
on a xanthophyll-free diet?

In cats, a temperature-sensitive allele produces the Siamese pheno-
type, in which the cooler extremities are dark and the warmer
trunk area is lighter. A Siamese cat that spends most of its time
outside was accidentally injured in a trap and required several
stitches in its right front paw. The veterinarian had to shave the fur
from the paw and leg, which originally had rather dark fur. Later,
when the fur grew back, it was much lighter than the fur on the
other three legs. Do you think this injury occurred in the hot sum-
mer or cold winter? Explain your answer.

The trait of feathering in fowls is a sex-limited trait controlled by
a single gene. Females always exhibit hen-feathering, as do HH
and Hh males. Only hh males show cock-feathering. Starting
with two heterozygous birds that are hen-feathered, explain how
you would obtain a true-breeding line that always produced cock-
feathered males.

Based on the pedigree shown here for a trait determined by a sin-
gle gene (affected individuals are shown in black), state whether
it would be possible for the trait to be inherited in each of the fol-
lowing ways:

A. Recessive

. X-linked recessive

. Dominant, complete penetrance

. Sex-influenced, dominant in males

. Sex-limited

m m g 0w

Dominant, incomplete penetrance

BO
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C23. The pedigree shown here involves a trait determined by a single C25. Compare phenotypes at the molecular, cellular, and organism lev-
gene (affected individuals are shown in black). Which of the fol- els for individuals who are homozygous for the hemoglobin allele,
lowing patterns of inheritance are possible for this trait? Hb*Hb", and the sickle cell allele, HbHD®.

A. Recessive C26. In humans, a very rare dominant allele that causes the little finger
B. X-linked recessive to be crooked ha§ a penetrance Qf 80%. In other words, 8‘0% of het-
] erozygotes carrying the allele will have a crooked little finger. If a
C. Dominant homozygous unaffected person has children with a heterozygote
D. Sex-influenced, recessive in males carrying this mutant allele, what is the probability that an off-
E. Sex-limited spring will have a little finger that is crooked?
C27. A sex-influenced trait in humans affects the length of the index fin-

.__O ger. A short allele is dominant in males and recessive in females.

I-1 I-2 Heterozygous males have an index finger that is significantly shorter
than the ring finger. The gene affecting index finger length is located
on an autosome. A woman with short index fingers has children

‘ I:I with a man who has normal index fingers. They produce five chil-
e i 13 1o s dren in the following order: female, male, male, female, male. The
oldest female offspring has one daughter with a man who has nor-
mal fingers. The youngest male among the five children has children
é ‘ with a woman with short index fingers; they have two sons. Draw
O_ D the pedigree for this family. Indicate the phenotypes of every indi-
-1 m-2 I1-3 -4 II-5 vidual (filled symbols for individuals with short index fingers and
open symbols for individuals with normal index fingers).
ﬁ i C28. Three coat-color patterns that occur in some breeds of horses are
O termed cremello (beige), chestnut (brown), and palomino (golden
V-1 Iv2 1V3 with light mane and tail). If two palomino horses are mated, they
produce about 1/4 cremello, 1/4 chestnut, and 1/2 palomino off-

C24. Let’s suppose you have pedigree data from thousands of different spring. In contrast, cremello horses and chestnut horses breed true.
families involving a particular genetic disease. How would you (In other words, two cremello horses will produce only cremello
decide whether the disease is inherited as a recessive trait as offspring, and two chestnut horses will produce only chestnut off-
opposed to one that is dominant but shows incomplete penetrance? spring.) Explain this pattern of inheritance.

Experimental Questions

El. Mexican hairless dogs have little hair and few teeth. When a generation showed a 3:1 ratio of long- to short-haired offspring. A
Mexican hairless is mated to another breed of dog, about half of second gene affects the texture of the hair. The two variants are
the puppies are hairless. When two Mexican hairless dogs are wiry hair and straight hair. F; offspring from a cross of these two
mated to each other, about 1/3 of the surviving puppies have hair varieties all had wiry hair, and F, offspring showed a 3:1 ratio of
and about 2/3 of the surviving puppies are hairless. However, wiry-haired to straight-haired puppies. Recently, a breeder of the
about two out of eight puppies from this type of cross are born short- and wiry-haired dogs found a female puppy that was albino.
grossly deformed and do not survive. Explain this pattern of Similarly, another breeder of the long- and straight-haired dogs
inheritance. found a male puppy that was albino. Because the albino trait is al-

E2. In chickens, some varieties have feathered shanks (legs), but others ways due to a recessive all.el.e, the two breeders g.ot t(.)gether. and
do not. In a cross between a Black Langhans (feathered shanks) mated the tw.o dogs. Surprisingly, 2.‘11 Of, the puppies in the litter
and a Buff Rocks (unfeathered shanks), the shanks of the F; gen- had black hair. How can you explain this result?
eration are all feathered. When members of the F; generation are ES5. In the clover butterfly, males are always yellow, but females can be
crossed to each other, the F, generation has a phenotypic ratio of yellow or white. In females, white is a dominant allele. Two yel-
15 feathered : 1 unfeathered. Suggest an explanation for this result. low butterflies were crossed to yield an F; generation consisting of

E3. In sheep, the formation of horns is a sex-influenced trait; the allele 50% y.ellow male.:s, 25% yf:llowl females, anq 25% white females.
that results in horns is dominant in males and recessive in females. Describe how this trait is inherited and specify the genotypes of
Females must be homozygous for the horned allele to have horns. A the yellow parents.
horned ram was crossed to a polled (unhorned) ewe, and the first E6. The Mic2 gene in humans is present on both the X and Y chromo-
offspring was a horned ewe. What are the genotypes of the parents? some. Let’s suppose the Mic2 gene exists in a dominant Mic2 al-

E4. A particular breed of dog can have long hair or short hair. When lele, which results in normal surface antigen production, and a

true-breeding long-haired animals were crossed to true-breeding
short-haired animals, the offspring all had long hair. The F,

recessive mic2 allele, which results in defective surface antigen
production. Using molecular techniques, it is possible to



E7.

E8.

E9.

E10.

Ell.

distinguish homozygous and heterozygous individuals. By following
the transmission of the Mic2 and mic2 alleles in a large human pedi-
gree, would it be possible to distinguish between pseudoautosomal
inheritance and autosomal inheritance? Explain your answer.

Duroc Jersey pigs are typically red, but a sandy variation is also
seen. When two different varieties of true-breeding sandy pigs
were crossed to each other, they produced F; offspring that were
red. When these F, offspring were crossed to each other, they pro-
duced red, sandy, and white pigs in a 9:6:1 ratio. Explain this pat-
tern of inheritance.

As shown in Figure 4.17, coat color in rodents is governed by a
gene interaction. An albino rat is crossed to a black rat. The ratio
of their offspring is 1 agouti : 1 black : 2 albino. What are the gen-
otypes of the parents?

Summer squash exist in long, spherical, or disk shapes. When a
true-breeding long-shaped strain was crossed to a true-breeding
disk-shaped strain, all of the F; offspring were disk-shaped. When
the F; offspring were allowed to self-fertilize, the F, generation
consisted of a ratio of 9 disk-shaped to 6 round-shaped to 1 long-
shaped. Assuming the shape of summer squash is governed by two
different genes, with each gene existing in two alleles, propose a
mechanism to account for this 9:6:1 ratio.

In a species of plant, two genes control flower color. The red allele
(R) is dominant to the white allele (r); the color-producing allele
(C) is dominant to the non-color-producing allele (¢). You suspect
that either an r homozygote or a cc homozygote will produce
white flowers. In other words, rr is epistatic to C, and cc is epi-
static to R. To test your hypothesis, you allow heterozygous plants
(RrCc) to self-fertilize and count the offspring. You obtain the fol-
lowing data: 201 plants with red flowers and 144 with white flow-
ers. Conduct a chi square analysis to see if your observed data are
consistent with your hypothesis.

Red eyes is the wild-type phenotype in Drosophila, and several
different genes (with each gene existing in two or more alleles) af-
fect eye color. One allele causes purple eyes, and a different allele
causes vermilion eyes. The purple and vermilion alleles are

QUESTIONS FOR STUDENT DISCUSSION/COLLABORATION

El2.

E13.

El4.
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recessive to red eye color. Two types of crosses provided the
following data:

Cross 1: Males with vermilion eyes X females with purple eyes
354 offspring, all with red eyes

Cross 2: Males with purple eyes X females with vermilion eyes
212 male offspring with vermilion eyes
221 female offspring with red eyes

Explain the pattern of inheritance based on these results. What
additional crosses might you make to confirm your hypothesis?

As mentioned in Experimental Question E11, red eyes is the wild-
type phenotype. Several different genes (with each gene existing in
two or more alleles) are known to affect eye color. One allele
causes purple eyes, and a different allele causes sepia eyes. Both of
these alleles are recessive to red eye color. When flies with purple
eyes were crossed to flies with sepia eyes, all of the F; offspring
had red eyes. When the F; offspring were allowed to mate with
each other, the following data were obtained:

146 purple eyes

151 sepia eyes

50 purplish sepia eyes
444 red eyes

Explain this pattern of inheritance. Conduct a chi square analysis
to see if the experimental data fit your hypothesis.

Let’s suppose you were looking through a vial of fruit flies in your
laboratory and noticed a male fly with pink eyes. What crosses
would you make to determine if the pink allele is an X-linked
gene? What crosses would you make to determine if the pink allele
is an allele of the same X-linked gene that occurs as a white allele?

When examining a human pedigree, what features do you look for
to distinguish between X-linked recessive inheritance and autoso-
mal recessive inheritance? How would you distinguish X-linked
dominant inheritance from autosomal dominant inheritance in a
human pedigree?

Questions for Student Discussion/Collaboration

1.

Let’s suppose a gene exists as a functional wild-type allele and a
nonfunctional mutant allele. At the organism level (i.e., at the level
of visible traits), the wild-type allele is dominant. In a heterozygote,
discuss whether dominance occurs at the cellular or molecular
level. Discuss examples in which the issue of dominance depends
on the level of examination.

In oats, the color of the chaff is determined by a two-gene interac-
tion. When a true-breeding black chaff plant was crossed to a true-
breeding white chaff plant, the F; generation was composed of all

black chaff plants. When the F; offspring were crossed to each
other, the ratio produced was 12 black to 3 gray to 1 white. First,
construct a Punnett square that accounts for this pattern of inheri-
tance. Which genotypes produce the gray chaff phenotype? Second,
at the level of protein function, how would you explain this type of
inheritance?

Note: All answers appear in Connect; the answers to the even-numbered
questions and all of the Concept Check and Comprehension Questions
are in Appendix B.
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5.1 Maternal Effect

5.2 Epigenetic Inheritance: Dosage
Compensation

5.3 Epigenetic Inheritance: Genomic
Imprinting

5.4 Extranuclear Inheritance

Shell coiling in the water snail, Lymnaea peregra. In this species of
snail, some shells coil to the left, and others coil to the right. This is
due to an inheritance pattern called the maternal effect.
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NON-MENDELIAN INHERITANCE

As we discussed in Chapter 4, Mendelian inheritance patterns in-
volve genes that directly influence the outcome of an offspring’s
traits and obey Mendel’s laws. To predict phenotype, we must
consider several factors. These include the dominant/recessive re-
lationship of alleles, gene interactions that may affect the expres-
sion of a single trait, and the roles that sex and the environment
play in influencing the individual’s phenotype. Once these factors
are understood, we can predict the phenotypes of offspring from
their genotypes. Genes that follow a Mendelian inheritance pat-
tern conform to four rules:

1. The expression of the genes in the offspring directly influ-
ences their traits.

2. Except in the case of rare mutations, the genes are passed

unaltered from generation to generation.

The genes obey Mendel’s law of segregation.

4. For crosses involving two or more genes, the genes obey
Mendel’s law of independent assortment.

O8]

Most genes in eukaryotic species follow a Mendelian pat-
tern of inheritance. However, many genes do not. In this and the
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following chapter, we will examine several additional and even
bizarre types of inheritance patterns that deviate from a Mendelian
pattern because one of these four rules is broken. We begin this
chapter by analyzing a non-Mendelian pattern called maternal ef-
fect in which rule 1 is broken. The expression of maternal effect
genes in the offspring does not influence their own traits. Instead,
traits that follow a maternal effect inheritance pattern are influ-
enced by the expression of genes in cells of the mother that con-
tribute to the development of egg cells. We then turn our attention
to epigenetic inheritance, which breaks rule number 2, because the
genes are altered in the offspring. As we will see, in certain types
of epigenetic inheritance, genes are methylated, which alters their
expression. Finally, in the last section of this chapter, we will ex-
amine inheritance patterns that arise because some genetic mate-
rial is not located in the cell nucleus. Certain organelles, such as
mitochondria and chloroplasts, contain their own genetic material.
We will consider examples in which traits are determined by genes
within these organelles. These traits do not obey rule 3, the law of
segregation. In Chapter 6, we will examine inheritance patterns
that do not obey rule 4, the law of independent assortment.



5.1 MATERNAL EFFECT

Learning Outcomes:

1. Define maternal effect.

2. Predict the outcome of crosses for genes that exhibit a
maternal effect pattern of inheritance.

3. Explain the molecular mechanism of maternal effect.

We begin by considering genes that have a maternal effect. For
these genes the genotype of the mother directly determines the
phenotype of her offspring. Surprisingly, for maternal effect
genes, the genotypes of the father and the offspring themselves do
not affect the phenotype of the offspring. Therefore, you cannot
use a Punnett square to predict the phenotype of the offspring. We
will see that maternal effect inheritance is explained by the accu-
mulation of gene products that the mother provides to her develop-
ing oocytes (immature eggs).

The Genotype of the Mother Determines the
Phenotype of the Offspring for Maternal
Effect Genes

The first example of a maternal effect gene was studied in the 1920s
by Arthur Boycott and involved morphological features of the water
snail, Lymnaea peregra. In this species, the shell and internal organs
can be arranged in either a right-handed (dextral) or left-handed
(sinistral) direction (see the chapter opening photo). The dextral
orientation is more common and is dominant to the sinistral orienta-
tion. Figure 5.1 describes the results of a genetic analysis carried
out by Boycott. In this experiment, he began with two different true-
breeding strains of snails with either a dextral or sinistral morphol-
ogy. Many combinations of crosses produced results that could not
be explained by a Mendelian pattern of inheritance.

F; Generation When a dextral female (DD) was crossed to a
sinistral male (dd), all F; offspring were dextral. However, in the
reciprocal cross, where a sinistral female (dd) was crossed to a
dextral male (DD), all F; offspring were sinistral. Taken together,
these results contradict a Mendelian pattern of inheritance.

How can we explain the unusual results obtained in Figure 5.1?
Alfred Sturtevant proposed the idea that snail coiling is due
to a maternal effect gene that exists as a dextral (D) or sinistral
(d) allele. His conclusions were drawn from the inheritance pat-
terns of the F, and F; generations.

F, Generation The genotype of the F; generation is expected to
be heterozygous (Dd). When these F; individuals were crossed to
each other, a genotypic ratio of 1 DD : 2 Dd : 1 dd is predicted for
the F, generation. Because the D allele is dominant to the d allele, a
3:1 phenotypic ratio of dextral to sinistral snails should be produced
according to a Mendelian pattern of inheritance. Instead of this pre-
dicted phenotypic ratio, however, the F, generation was composed
of all dextral snails. This incongruity with Mendelian inheritance is
due to the maternal effect. The phenotype of the offspring depended
solely on the genotype of the mother. The F; mothers were Dd. The
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Parental Q a a Q
generation X X
? g 9 J
DD l dd dd i DD
F, generation Q Q é é
? of ? d
Dd Dd

All dextral All sinistral

F, generation @ @ @ Males and females

1DD : 2Dd : 1dd
All dextral

Cross to each other

F3 generation
Males and females

3 dextral : 1 sinistral

I FIGURE 5.1 Experiment showing the inheri-
tance pattern of snail coiling. In this experiment, D
(dextral) is dominant to d (sinistral). The genotype of the
mother determines the phenotype of the offspring. This
phenomenon is known as the maternal effect. In this case, a DD or Dd
mother produces dextral offspring, and a dd mother produces sinistral
offspring. The genotypes of the father and offspring do not affect the
offspring’s phenotype.

CONCEPT CHECK: Explain why all of the offspring in the F, generation are
dextral even though some of them are dd.

INTERACTIVE
EXERCISE

D allele in the mothers is dominant to the d allele and caused the
offspring to be dextral, even if the offspring’s genotype was dd!

F; Generation When the members of the F, generation were
crossed, the F; generation exhibited a 3:1 ratio of dextral to sinis-
tral snails. This ratio corresponds to the genotypes of the F, fe-
males, which were the mothers of the F; generation. The ratio of
F, females was 1 DD : 2 Dd : 1 dd. The DD and Dd females pro-
duced dextral offspring, whereas the dd females produced sinistral
offspring. This explains the 3:1 ratio of dextral and sinistral off-
spring in the F; generation.

Female Gametes Receive Gene Products from the
Mother That Affect Early Developmental Stages

of the Embryo

At the molecular and cellular level, the non-Mendelian inheritance

pattern of maternal effect genes can be explained by the process of
oogenesis in female animals (Figure 5.2a). As an animal oocyte
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(a) Transfer of gene products from nurse cells to egg
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(b) Maternal effect in snail coiling
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(c) An explanation of coiling direction at the cellular level

The nurse cells express
mRNA and/or protein
from genes of the

D allele (green) and the
d allele (red) and
transfer those products

to the egg.
Mother is dd.
Eggisd.
dd dd
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All offspring are sinistral
because the egg only
received the gene products
of the d allele.

Sinistral

FIGURE 5.2 The mechanism of maternal effect in snail coiling. (a) Transfer of gene products from nurse cells to an oocyte. The nurse cells
are heterozygous (Dd). Both the D and d alleles are activated in the nurse cells to produce D and d gene products (mRNA or proteins, or both). These
products are transported into the cytoplasm of the oocyte, where they accumulate to significant amounts. (b) Explanation of the maternal effect in snail
coiling. (¢) The direction of snail coiling is determined by differences in the cleavage planes during early embryonic development.

Genes— Traits If the nurse cells are DD or Dd, they will transfer the D gene product to the oocyte and thereby cause the resulting offspring to be dextral. If the nurse
cells are dd, only the d gene product will be transferred to the oocyte, so the resulting offspring will be sinistral.

CONCEPT CHECK: If a mother snail is heterozygous, Dd, which gene products will the oocyte receive?



matures, many surrounding maternal cells called nurse cells pro-
vide the oocyte with nutrients and other materials. In Figure 5.2a,
a female is heterozygous for the snail-coiling maternal effect gene,
with the alleles designated D and d. Depending on the outcome of
meiosis, the haploid oocyte may receive the D allele or the d allele,
but not both. The surrounding nurse cells, however, produce both
D and d gene products (mMRNA and proteins). These gene products
are then transported into the oocyte. As shown in Figure 5.2a,
the oocyte has received both the D allele gene product and the d
allele gene product. These gene products persist for a significant
time after the egg has been fertilized and embryonic development
has begun. In this way, the gene products of the nurse cells, which
reflect the genotype of the mother, influence the early develop-
mental stages of the embryo.

Now that we have an understanding of the relationship be-
tween oogenesis and maternal effect genes, let’s reconsider the topic
of snail coiling. As shown in Figure 5.2b, a female snail that is DD
transmits only the D gene product to the oocyte. During the early
stages of embryonic development, this gene product causes the
embryo cleavage to occur in a way that promotes a right-handed
body plan. A heterozygous female transmits both D and d gene
products. Because the D allele is dominant, the maternal effect also
causes a right-handed body plan. Finally, a dd mother contributes
only the d gene product that promotes a left-handed body plan, even
if the egg is fertilized by a sperm carrying a D allele. The sperm’s
genotype is irrelevant, because the expression of the sperm’s gene
will occur too late. The origin of dextral and sinistral coiling can be
traced to the orientation of the mitotic spindle at the two- to four-cell
stage of embryonic development. The dextral and sinistral snails
develop as mirror images of each other (Figure 5.2¢).

Since these initial studies, researchers have found that ma-
ternal effect genes encode proteins that are important in the early
steps of embryogenesis. The accumulation of maternal gene prod-
ucts in the oocyte allows embryogenesis to proceed quickly after
fertilization. Maternal effect genes often play a role in cell divi-
sion, cleavage pattern, and body axis orientation. Therefore, de-
fective alleles in maternal effect genes tend to have a dramatic
effect on the phenotype of the offspring, altering major features of
morphology, often with dire consequences.

Our understanding of maternal effect genes has been greatly
aided by their identification in experimental organisms such as
Drosophila melanogaster. In such organisms with a short genera-
tion time, geneticists have successfully searched for mutant alleles
that prevent the normal process of embryonic development. In
Drosophila, geneticists have identified several maternal effect
genes with profound effects on the early stages of development.
The pattern of development of a Drosophila embryo occurs along
axes, such as the anteroposterior axis and the dorsoventral axis.
The proper development of each axis requires a distinct set of ma-
ternal gene products. For example, the maternal effect gene called
bicoid produces a gene product that accumulates in a region of the
oocyte that will become the anterior end of the embryo. After
fertilization, the bicoid protein promotes the development of ante-
rior structures in the developing embryo. If the mother is homozy-
gous for a defective bicoid allele, the resulting embryos develop
with two posterior ends. More recently, several maternal effect
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genes that are required for proper embryonic development have
been identified in mice and humans. Chapter 26 examines the re-
lationships among the actions of several maternal effect genes
during embryonic development.

GEN ETlC TI PS THE QUESTION: A female snail has

offspring that all coil to the right. What are the possible genotypes of
this female snail?

OOPIC: What topic in genetics does this question address? The
topic is non-Mendelian inheritance. More specifically, the
question is about maternal effect inheritance.

0 NFORMATION: What information do you know based on the
question and your understanding of the topic? From the
question, you know a female snail has all offspring that coil to the
right. From your understanding of the topic, you may remember
that this trait shows a maternal effect pattern of inheritance and
that the mother’s genotype determines the offspring’s phenotype.

(DroeLem-sowving ) TRATEGY: Predict the outcome. A
strategy to solve this problem is to predict the outcome for each
possible genotype of the mother. For maternal effect genes, you
cannot use a Punnett square to predict the phenotype of the
offspring. Instead, to predict their phenotype, you have to know
the mother’s genotype. In this question, you already know the
offspring’s phenotype. With this information, you can deduce the
possible genotype(s) of the mother. Because the offspring coil to
the right, you may realize that the mother must have at least one
D allele. If the mother was DD, all of her offspring would coil to
the right. If the mother was Dd, all of her offspring would coil
to the right, because D is dominant. If the mother was dd, all
of her offspring would coil to the left.

ANSWER: The mother’s genotype could be either DD or Dd.

5.1 COMPREHENSION QUESTIONS

1. A female snail that coils to the left has offspring that coil to the
right. What are the genotypes of this mother and of the maternal
grandmother of the offspring, respectively?

a. dd, DD

b. Dd, Dd
c. dd, Dd
d. Dd, dd

2. What is the molecular explanation for maternal effect?
a. The father’s gene is silenced at fertilization.

b. During oogenesis, nurse cells transfer gene products to the
oocyte.

c. The gene products from nurse cells are needed during the
very early stages of development.

d. Both b and c are correct.



106 CHAPTER 5 :: NON-MENDELIAN INHERITANCE

5.2 EPIGENETICS: DOSAGE

COMPENSATION

TABLE 5.1

Mechanisms of Dosage Compensation Among Different Species

Learning Outcomes:

1. Define epigenetics.

2. Compare and contrast the mechanisms of dosage compen-
sation in different animal species.

3. Describe the process of X-chromosome inactivation in mammals.

4. Explain how X-chromosome inactivation may affect the
phenotype of female mammals.

Epigenetics is the study of modifications that occur to a gene or chro-
mosome that alters gene expression, but is not permanent over the
course of many generations. As we will see, epigenetic effects can be
the result of DNA and chromosomal modifications that occur during
oogenesis, spermatogenesis, or early stages of embryogenesis. In this
chapter, we will consider the general ways that epigenetic changes
occur and how they affect traits. In Chapter 16, we will examine sev-
eral molecular mechanisms of epigenetic changes in greater detail.

Once they are initiated, epigenetic changes alter the expres-
sion of particular genes in a way that may be fixed during an indi-
vidual’s lifetime. Therefore, epigenetic changes can permanently
affect the phenotype of the individual. However, epigenetic modi-
fications are not permanent over the course of many generations,
and they do not change the actual DNA sequence. For example, a
gene may undergo an epigenetic change that inactivates it for the
lifetime of an individual. However, when this individual makes
gametes, the gene may become activated and remain active during
the lifetime of an offspring who inherits the gene.

In this section, we will examine an epigenetic change called
dosage compensation, which has the effect of offsetting differ-
ences in the number of sex chromosomes. One of the sex chromo-
somes is altered, with the result that males and females have
similar levels of gene expression even though they do not possess
the same complement of sex chromosomes. We will largely focus
on mammals in which dosage compensation is initiated during the
early stages of embryonic development.

Dosage Compensation Results in Similar Levels
of Gene Expression Between the Sexes

Dosage compensation refers to the phenomenon in which the
level of expression of many genes on the sex chromosomes (such
as the X chromosome) is similar in both sexes even though males
and females have a different complement of sex chromosomes.
This term was coined in 1932 by Hermann Muller to explain the
effects of eye color mutations in Drosophila. Muller observed that
female flies homozygous for certain X-linked eye color alleles had
a phenotype similar to that of hemizygous males. He noted that an
X-linked gene conferring an apricot eye color produces a very
similar phenotype in homozygous females and hemizygous males.
In contrast, a female that has one copy of the apricot allele and a
deletion of the apricot gene on the other X chromosome has eyes
of paler color. Therefore, one copy of the allele in the female is not
equivalent to one copy of the allele in the male. Instead, two cop-
ies of the allele in the female produce a phenotype that is similar

Sex Chromosomes in:

Species Females Males Mechanism of Compensation

Placental XX XY One of the X chromosomes in the so-

mammals matic cells of females is inactivated. In
certain species, the paternal X chro-
mosome is inactivated, and in other
species, such as humans, either the
maternal or paternal X chromosome
is randomly inactivated throughout
the somatic cells of females.

Marsupial XX XY The paternally derived X chromo-

mammals some is inactivated in the somatic
cells of females.

Drosophila XX XY The level of expression of genes

melanogaster on the X chromosome in males is
doubled.

Caenorhabditis XX* X0 The level of expression of genes

elegans on both X chromosomes in her-

maphrodites is decreased to 50%
of the level occurring in males.

*In C. elegans, an XX individual is a hermaphrodite, not a female.

to that produced by one copy in the male. In other words, the dif-
ference in gene dosage—two copies in females versus one copy in
males—is being compensated for at the level of gene expression.

Since these initial studies, dosage compensation has been
studied extensively in mammals, Drosophila, and Caenorhabditis
elegans (a nematode). Depending on the species, dosage compensa-
tion occurs via different mechanisms (Table 5.1). Female mammals
equalize the expression of X-linked genes by turning off one of their
two X chromosomes. This process is known as X-chromosome
inactivation (XCI). In Drosophila, the male accomplishes dosage
compensation by doubling the expression of most X-linked genes.
In C. elegans, the XX animal is a hermaphrodite that produces both
sperm and egg cells, and an animal carrying a single X chromosome
is a male that produces only sperm. The XX hermaphrodite dimin-
ishes the expression of X-linked genes on both X chromosomes to
approximately 50% of that in the male.

In birds, the Z chromosome is a large chromosome, usually the
fourth or fifth largest, which contains almost all of the known sex-
linked genes. The W chromosome is generally a much smaller chro-
mosome containing a high proportion of repeat sequence DNA that
does not encode genes. Male birds are ZZ and females are ZW.
Several years ago, researchers studied the level of expression of a Z-
linked gene that encodes an enzyme called aconitase. They discov-
ered that males express twice as much aconitase as females do. These
results suggested that dosage compensation does not occur in birds.
More recently, the expression of hundreds of Z-linked genes has been
examined in chickens. These newer results also suggest that birds lack
a general mechanism of dosage compensation that controls the ex-
pression of most Z-linked genes. Even so, the pattern of gene expres-
sion between males and females was found to vary a great deal for
certain Z-linked genes. Overall, the results suggest that some Z-linked
genes may be dosage-compensated, but many of them are not.



(a) Nucleus with a Barr body

(b) A calico cat

FIGURE 5.3 X-chromosome inactivation in
J female mammals. (a) The left micrograph shows the Barr
body on the periphery of a human nucleus after staining
with a DNA-specific dye. Because it is compact, the Barr
body is the most brightly staining. The right micrograph shows the same
nucleus using a yellow fluorescent probe that recognizes the X chromo-
some. The Barr body is more compact than the active X chromosome,
which is to the left of the Barr body. (b) The fur pattern of a calico cat.
Genes—Traits The pattern of black and orange fur on this cat is due to random
X-chromosome inactivation during embryonic development. The orange
patches of fur are due to the inactivation of the X chromosome that carries a
black allele; the black patches are due to the inactivation of the X chromosome
that carries the orange allele. In general, only heterozygous female cats can
be calico. A rare exception would be a male cat (XXY) that has an abnormal
composition of sex chromosomes.
(a, both): Courtesy of I. Solovei, University of Munich (LMU); (b): © Tim Davis/Science
Source
CONCEPT CHECK: Why is the Barr body more brightly staining in a cell
nucleus than the other chromosomes?

INTERACTIVE
EXERCISE

Dosage Compensation Occurs in Female Mammals
by the Inactivation of One X Chromosome

In 1961, Mary Lyon proposed that dosage compensation in mam-
mals occurs by the inactivation of a single X chromosome in fe-
males. Liane Russell proposed the same idea around the same
time. This proposal brought together two lines of study. The first
type of evidence came from cytological studies. In 1949, Murray
Barr and Ewart Bertram identified a highly condensed structure in
the interphase nuclei of somatic cells in female cats that was not
found in male cats. This structure became known as the Barr
body (Figure 5.3a). In 1960, Susumu Ohno correctly proposed
that the Barr body is a highly condensed X chromosome.

5.2 EPIGENETICS: DOSAGE COMPENSATION 107

White fur Black fur  Early embryo—
allele allele all X chromosomes
/ active
ﬂB B
b B

b B b B

Random X chromosome
inactivation

Barr bodies

Further
development

P, 8 ) Mouse with
_f_& ‘ patches of
'y Sl black and
== ) white fur

FIGURE 5.4 The mechanism of X-chromosome inactivation.

Genes— Traits The top of this figure represents a mass of several cells that
compose the early embryo. Initially, both X chromosomes in each cell are
active. At an early stage of embryonic development, random inactivation of
one X chromosome occurs in each cell. This inactivation pattern is maintained
as the embryo matures into an adult.

CONCEPT CHECK: At which stage of development does XCl initially occur?

In addition to this cytological evidence, Lyon was also fa-
miliar with examples in which the coat color of mammals has a
variegated pattern. Figure 5.3b is a photo of a calico cat, which is
a female that is heterozygous for an X-linked gene that can occur
as an orange or a black allele. (The cat’s white underside is due to
a dominant allele in a different gene.) The orange and black
patches are randomly distributed in different female individuals.
The calico pattern does not occur in male cats, but similar kinds of
mosaic patterns have been identified in the female mouse. Lyon
suggested that both the Barr body and the calico pattern are the
result of XCI in the cells of female mammals.

The mechanism of XCI, known as the Lyon hypothesis,
is schematically illustrated in Figure 5.4. This example involves
a white and black variegated coat found in certain strains of
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mice. As shown here, a female mouse has inherited an X chromo-
some from its mother that carries an allele conferring white coat
color (X?). The X chromosome from its father carries a black coat
color allele (X5).

How can XCI explain a variegated coat pattern? Initially,
both X chromosomes are active. However, at an early stage of
embryonic development, one of the two X chromosomes is ran-
domly inactivated in each somatic cell and becomes a Barr body.
For example, one embryonic cell may have the X® chromosome
inactivated. As the embryo continues to grow and mature, this
embryonic cell will divide and may eventually give rise to bil-
lions of cells in the adult animal. The epithelial (skin) cells that
are derived from this embryonic cell will produce a patch of
white fur because the X® chromosome has been permanently

inactivated. Alternatively, another embryonic cell may have the
X’ chromosome inactivated. The epithelial cells derived from
this embryonic cell will produce a patch of black fur. Because
the primary event of XCI is a random process that occurs at an
early stage of development, the result is an animal with some
patches of white fur and other patches of black fur. This is the
basis of the variegated phenotype.

During XCI, the chromosomal DNA of the inactivated X
chromosome becomes highly compacted into a Barr body, so most
genes on that chromosome cannot be expressed. When cell divi-
sion occurs and the inactivated X chromosome is replicated, both
copies remain highly compacted and inactive. Likewise, during
subsequent cell divisions, the inactivated X chromosome is passed
along to all future somatic cells.

EXPERIMENT 5A

In Adult Female Mammals, One X Chromosome
Has Been Permanently Inactivated

According to the Lyon hypothesis, each somatic cell of female
mammals expresses the genes on one of the X chromosomes, but
not both. If an adult female is heterozygous for an X-linked gene,
only one of two alleles will be expressed in any given cell. In
1963, Ronald Davidson, Harold Nitowsky, and Barton Childs set
out to test the Lyon hypothesis at the cellular level. To do so, they
analyzed the expression of a human X-linked gene that encodes an
enzyme involved with sugar metabolism known as glucose-
6-phosphate dehydrogenase (G-6-PD).

Prior to the Lyon hypothesis, biochemists had found that
individuals vary with regard to the G-6-PD enzyme. This variation
can be detected when the enzyme is subjected to gel electrophore-
sis (see the Appendix A for a description of gel electrophoresis).
One G-6-PD allele encodes a G-6-PD enzyme that migrates very
quickly during gel electrophoresis (the fast enzyme), whereas an-
other G-6-PD allele produces an enzyme that migrates more

Heterozygous Hemizygous Hemizygous

female male male
— — — Origin
Slow G-6-PD —» = o
Fast G-6-PD —3 | — Direction of
migration

FIGURE 5.5 Mobility of G-6-PD protein on a gel. G-6-PD
exists as a fast allele that encodes a protein that migrates more quickly to
the bottom of the gel and a slow allele that migrates more slowly. The
protein encoded by the fast allele is closer to the bottom of the gel.

CONCEPT CHECK: Why do these two forms of G-6-PD migrate differently?

slowly (the slow enzyme). As shown in Figure 5.5, when multiple
skin samples are collected from a heterozygous adult female and
mixed together, both types of enzymes are observed on a gel. In
contrast, a hemizygous male produces either the fast or slow
type, but not both. The difference in migration between the fast
and slow G-6-PD enzymes is due to minor differences in the
amino acid sequences of these enzymes. These minor differ-
ences do not significantly affect G-6-PD function, but they do
enable geneticists to distinguish the proteins encoded by the two
X-linked alleles.

As shown in Figure 5.6, Davidson, Nitowsky, and Childs
tested the Lyon hypothesis using cell culturing techniques. They
removed several small samples of epithelial cells from a hetero-
zygous female and grew them in the laboratory. When combined,
these samples contained a mixture of both types of enzymes be-
cause the adult cells were derived from many different embryonic
cells, some that had the slow allele inactivated and some that had
the fast allele inactivated. In the experiment of Figure 5.6, these
cells were sparsely plated onto solid growth media. After several
days, each cell grew and divided to produce a clone of cells. All
cells within a clone were derived from a single cell. The research-
ers reasoned that all cells within a single clone would express
only one of the two G-6-PD alleles if the Lyon hypothesis was
correct. Nine clones were grown in liquid cultures, and then the
cells were lysed to release the G-6-PD proteins inside of them.
The proteins were then subjected to sodium dodecyl sulfate (SDS)
gel electrophoresis.

THE HYPOTHESIS

According to the Lyon hypothesis, an adult female who is hetero-
zygous for the fast and slow G-6-PD alleles should express only
one of the two alleles in any particular somatic cell and its descen-
dants, but not both.
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TESTING THE HYPOTHESIS FIGURE 5.6 Evidence that adult female mammals contain one X chromosome that has

been permanently inactivated.
(photo): © Lutz Slomianka
Starting material: Several small skin samples taken from a woman who was heterozygous for the fast and slow alleles of G-6-PD.
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THE DATA

All cells Clones
1
r 1

1 2 3 4 5 6 7 8 9 10

« —«—Slow G-6-PD
-«— Fast G-6-PD

Photo and Data from Ronald G. Davidson, Harold M. Nitowsky, and Barton Childs (1963)
Demonstration of two populations of cells in the human female heterozygous for glucose-
6-phosphate dehydrogenase variants, PNAS, 50(3):481-485, Fig. 2. Courtesy Harold M.
Nitowsky. Reproduced with author permission.

INTERPRETING THE DATA

In the data, the control (lane 1) was a protein sample obtained
from a mixture of epithelial cells from a heterozygous woman

who produced both types of G-6-PD enzymes. Bands corre-
sponding to the fast and slow enzymes were observed in this
lane. As described in steps 2 to 4 of Figure 5.6, this mixture of
epithelial cells was also used to generate nine clones. The
proteins obtained from these clones are shown in lanes 2
through 10. Each clone was a population of cells independently
derived from a single epithelial cell. Because the epithelial
cells were obtained from an adult female, the Lyon hypothesis
predicts that each epithelial cell would already have one of its
X chromosomes permanently inactivated and would pass this
trait to its progeny cells. For example, suppose that an epithe-
lial cell had inactivated the X chromosome that encodes the fast
G-6-PD. If this cell was allowed to form a clone of cells on a
plate, all cells in this clonal population would be expected to
have the same X chromosome inactivated—the one encoding
the fast G-6-PD. Therefore, this clone of cells should express
only the slow G-6-PD. As shown in the data, all nine clones
expressed either the fast or slow G-6-PD protein, but not both.
These results are consistent with the hypothesis that X-chromo-
some inactivation has already occurred in any given epithelial
cell and that this pattern of inactivation is passed to all of its
progeny cells.

Mammals Maintain One Active X Chromosome in
Their Somatic Cells

Since the Lyon hypothesis was confirmed, the genetic control of
XCI has been investigated further by several laboratories. Re-
search has shown that mammalian somatic cells have the ability
to count the X chromosomes they contain and allow only one of
them to remain active. How was this determined? A key observa-
tion came from comparisons of the chromosome composition of
people who were born with normal or abnormal numbers of sex
chromosomes.

Chromosome  Number of Number of

Phenotype Composition X Chromosomes Barr Bodies
Normal female XX 2 1
Normal male XY 1 0
Turner syndrome X0 1 0
(female)

Triple X syndrome XXX 3 2
(female)

Klinefelter syndrome XXY 2 1

(male)

In normal females, two X chromosomes are counted and one is
inactivated, whereas in males, one X chromosome is counted and
none of them are inactivated. If the number of X chromosomes
exceeds two, as in triple X syndrome, additional X chromosomes
are converted to Barr bodies.

X-Chromosome Inactivation in Mammals Depends
on the X-Inactivation Center and Occurs in Three
Phases

Although the genetic control of XCI is not entirely understood at
the molecular level, a short region on the X chromosome called
the X-inactivation center (Xic) is known to play a critical role.
Eeva Therman and Klaus Patau discovered that if one of the two X
chromosomes in a female is missing its Xic due to a chromosome
mutation, a cell counts only one Xic and X-chromosome inactiva-
tion does not occur. Having two active X chromosomes is a lethal
condition for a human female embryo.

The process of XCI can be divided into three phases: initiation,
spreading, and maintenance (Figure 5.7). Note: The molecular de-
tails of XCI are described in Chapter 16 (look ahead to Figure 16.5).

* During initiation, which occurs during embryonic devel-
opment, one of the X chromosomes remains active, and
the other is chosen to be inactivated.

* During the spreading phase, the chosen X chromosome is
inactivated. The spreading phase is so named because in-
activation begins at the Xic and spreads in both directions
along the X chromosome.

* Once the initiation and spreading phases occur for a given
X chromosome, the inactivated X chromosome is main-
tained as a Barr body during future cell divisions. When a
cell divides, the Barr body is replicated, and both copies
remain compacted. This maintenance phase continues
from the embryonic stage through adulthood.



Initiation: Occurs during embryonic development.
The number of X-inactivation centers (Xics) is
counted and one of the X chromosomes remains
active and the other is targeted for inactivation.

To be
l K inactivated

Xic f W Xic

Spreading: Occurs during embryonic

development. It begins at the Xic and

progresses toward both ends until the
entire chromosome is inactivated and
becomes a Barr body.

Further
spreading

Maintenance: Occurs from embryonic
development through adult life. The
inactivated X chromosome is maintained
as such during subsequent cell divisions.

FIGURE 5.7 The function of the Xic during
X-chromosome inactivation.

CONCEPT CHECK: Which of the phases of XCl occurs in an
adult female?

==
ONLINE
ANIMATION
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Some genes on the inactivated X chromosome are ex-
pressed in the somatic cells of adult female mammals. These
genes are said to escape the effects of XCI. In humans, up to a
quarter of X-linked genes may escape inactivation to some de-
gree. Many of these genes occur in clusters. Among these are
the pseudoautosomal genes found on the X and Y chromosomes
in the regions of homology described in Chapter 4. Dosage
compensation is not necessary for X-linked pseudoautosomal
genes because they are located on both the X and Y chromo-
somes. How are genes on the Barr body expressed? Although
the mechanism is not understood, these genes may be found in
localized regions where the chromatin is less tightly packed and
able to be transcribed.

GEN ETlC TI PS THE QUESTION: A cat is born with two

X chromosomes and one Y chromosome. This is a rare event. One of
the X chromosomes carries the black allele and the other carries the
orange allele. Would you expect this cat to be a male or female?
Would it be calico?

OPIC: What topics in genetics does this question address?
The topics are sex determination and X-chromosome inactivation.

0 NFORMATION: What information do you know based on the
question and your understanding of the topic? From the
question, you know the composition of sex chromosomes in a cat
and which alleles are found on the X chromosomes. From your
understanding of the topics, you may remember from Chapter 3
(refer back to Figure 3.17) that the Y chromosome determines
maleness in mammals. From this chapter, you may recall that
X-chromosome inactivation occurs and only one X chromosome
remains active in somatic cells.

(D rosLem-sorving ) TRATEGY: Predict the outcome. With
regard to sex determination, you would predict that the cat is a male
because the Y chromosome causes maleness. XCI occurs in a way
that leaves only one X chromosome active in the cat’s somatic cells.
Because this cat has two X chromosomes, you would predict that
one out of the two will be randomly inactivated throughout the cat’s
body. Because the cat is heterozygous for the orange and black
alleles, some patches of fur will be orange and others will be black.

ANSWER: It is a male cat with a calico coat.

5.2 COMPREHENSION QUESTIONS

1. Infruit flies, dosage compensation is achieved by
a. X-chromosome inactivation.

b. doubling the expression of genes on the single X chromo-
some in the male.

c. decreasing the expression of genes on the two X chromo-
somes by 50% in the female.

d. all of the above.
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2. According to the Lyon hypothesis,
a. one of the X chromosomes is converted to a Barr body in
somatic cells of female mammals.

b. one of the X chromosomes is converted to a Barr body in all
cells of female mammals.

c. both of the X chromosomes are converted to Barr bodies in
somatic cells of female mammals.

d. both of the X chromosomes are converted to Barr bodies in
all cells of female mammals.

3. Which of the following is not a phase of XCI?
a. Initiation

b. Spreading
¢. Maintenance
d. Erasure

5.3 EPIGENETICS: GENOMIC

IMPRINTING

Learning Outcomes:

1. Define genomic imprinting.
2. Predict the outcome of crosses involving imprinted genes.
3. Explain the molecular mechanism of imprinting.

As we have just seen, dosage compensation changes the level of
expression of many genes located on the X chromosome. We now
turn to another epigenetic phenomenon known as genomic im-
printing, or simply imprinting. The term imprinting implies a type
of marking process that has a memory. For example, newly hatched
birds identify marks on their parents, which allows them to distin-
guish their parents from other individuals. The term genomic
imprinting refers to an analogous situation in which a segment of
DNA is marked, and that mark is retained and recognized through-
out the life of the organism inheriting the marked DNA. Genomic
imprinting happens prior to fertilization; it involves a change in a
single gene or chromosome during gamete formation. Depending
on whether the modification occurs during spermatogenesis or
oogenesis, imprinting governs whether an offspring expresses a
gene that has been inherited from its mother or father.

The Expression of an Imprinted Gene Depends on
the Sex of the Parent from Which the Gene Was
Inherited

The phenotypes that result from the expression of imprinted genes
follow a non-Mendelian pattern of inheritance because the mark-
ing process causes the offspring to distinguish between maternally
and paternally inherited alleles. Depending on how the genes are
marked, each offspring expresses only one of the two alleles. This
phenomenon is termed monoallelic expression.

To understand genomic imprinting, let’s consider a specific
example. In the mouse, a gene designated /gf2 encodes a protein
growth hormone called insulin-like growth factor 2. Imprinting

Igf2~ Igf2— 1gf2 Igf2 Igf2 Igf2 Igf2~ Igf2~
(mother’s X (father’s (mother’s X (father’s
genotype) genotype) genotype) genotype)

1g2® 1gr2= 4 igr2® 1gr2—®
Normal offspring Dwarf offspring

(Only the Igf2 allele is
expressed in somatic cells
of this heterozygous offspring.)

(Only the Igf2™ allele is
expressed in somatic cells
of this heterozygous offspring.)

A Denotes an allele that is silent in the offspring

® Denotes an allele that is expressed in the offspring

I FIGURE 5.8 An example of genomic imprinting
in the mouse. In the cross on the left, a homozygous
'E','(}ﬁ'g‘s(g'“ female carrying a defective allele, designated Igf2™, is
crossed to a homozygous male with the functional /gf2
allele. An offspring is heterozygous and normal size because the pater-
nal allele is active. In the reciprocal cross on the right, a homozygous
normal female is crossed to a homozygous male carrying the defective
allele. In this case, the offspring is heterozygous and dwarf. The off-
spring are dwarf because the paternal allele is defective due to mutation
and the maternal allele is not expressed. The photograph shows normal-
size (left) and dwarf littermates (right) derived from a cross between a
wild-type female and a heterozygous male (Igf2 Igf2™) carrying one
copy of a loss-of-function allele. The loss-of-function allele was created
using gene knockout methods.
(photo): © Courtesy of Dr. Argiris Efstratiadis
CONCEPT CHECK: What would be the outcome of a cross between a hetero-
zygous female and a male that carries two normal copies of the /gf2 gene?

occurs in a way that results in the expression of the paternal Igf2
allele but not the maternal allele. The paternal allele is transcribed
into RNA, but the maternal allele is transcriptionally silent. With
regard to phenotype, a functional /gf2 gene is necessary for normal
size. A loss-of-function allele of this gene, designated Igf2~, is de-
fective in the synthesis of a functional Igf2 protein. This may cause
a mouse to be a dwarf, but the occurrence of dwarfism depends on
whether the mutant allele is inherited from the male or female par-
ent, as shown in Figure 5.8. On the left side, an offspring has in-
herited the Igf2 allele from its father and the /gf2~ allele from its
mother. Due to imprinting, only the /gf2 allele is expressed in the



offspring. Therefore, this mouse grows to a normal size. Alterna-
tively, in the reciprocal cross on the right side, an individual has
inherited the Igf2™ allele from its father and the /gf2 allele from its
mother. In this case, the /gf2 allele is not expressed. In this mouse,
the Igf2~ allele would be transcribed into mRNA, but the mutation
renders the Igf2 protein defective. Therefore, the offspring on the
right has a dwarf phenotype. As shown in Figure 5.8, both off-
spring have the same genotype; they are heterozygous for the Igf2
alleles (i.e., Igf2 Igf2™). They are phenotypically different, how-
ever, because only the paternally inherited allele is expressed.

For imprinted genes, you cannot use the Punnett square ap-
proach to predict an offspring’s phenotype. Instead, you need two
pieces of information.

* You need to know if the offspring expresses the allele that
is inherited from the mother or the father.

* You need to know which allele was inherited from the
mother and which allele was inherited from the father.

With this information, you can predict an offspring’s phenotype.
As an example, let’s consider the Igf2 gene. We know that the al-
lele inherited from the father is expressed. If the offspring inherits
the Igf2 allele from the father, it will be a normal size. If the off-
spring inherits the /gf2™ allele from the father, it will be dwarf.

The Imprint Is Established During Gametogenesis

At the cellular level, imprinting is an epigenetic process that can
be divided into three stages: (1) the establishment of the imprint
during gametogenesis, (2) the maintenance of the imprint during
embryogenesis and in adult somatic cells, and (3) the erasure and
reestablishment of the imprint in the germ cells. These stages are
described in Figure 5.9, which shows the imprinting of the /gf2
gene. The two mice shown here have inherited the Igf2 allele
from their father and the Igf2~ allele from their mother. Due to
imprinting, both mice express the Igf2 allele in their somatic
cells, and the pattern of imprinting is maintained in the somatic
cells throughout development.

In the germ-line cells that give rise to gametes (i.e., sperm or
eggs), the imprint is erased; it will be reestablished according to
the sex of the animal. The female mouse on the left will transmit
only transcriptionally inactive alleles to her offspring. The male
mouse on the right will transmit transcriptionally active alleles.
However, because this male is a heterozygote, it will transmit ei-
ther a functionally active Igf2 allele or a functionally defective
mutant allele (Igf27). If this heterozygous male transmits the /gf2
allele to an offspring, it will be normal size. In contrast, if this
male transmits an Igf2~ allele, the offspring will be dwarf. Al-
though an Igf2™ allele inherited from a male mouse can be tran-
scribed into mRNA, it will not produce a functional Igf2 protein,
which is the reason for the dwarf phenotype.

As seen in Figure 5.9, genomic imprinting is permanent in
the somatic cells of an animal, but the marking of alleles can be
altered from generation to generation. For example, the female
mouse on the left has an active copy of the Igf2 allele, but any
allele this female transmits to its offspring will be transcription-
ally inactive.
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Establishment of the imprint

In this example, imprinting occurs during gametogenesis in the
Igf2 gene, which exists in the /gf2 allele from the male and the
Igf2~ allele from the female. This imprinting occurs so that only
the paternal allele is expressed.

Sperm Egg Sperm Egg
N

(]
Igf2
Igf2™ -

‘Igf2

Igf2_A

Maintenance of the imprint

After fertilization, the imprint pattern is
maintained throughout development. In
this example, the maternal Igf2™ allele
will not be expressed in the somatic cells.
Note that the offspring on the leftis a
female and the one on the right is a male;
Y both are normal in size.

192 ®

Igi‘2_A

- \___/ Somatic cell

Erasure and reestablishment

In the germ-line cells, the imprint is
erased. The female mouse produces
eggs in which the gene is silenced.
The male produces sperm in which the
gene can be transcribed into mRNA.

{ ] =@

lgf2A lgi‘?“A gie B, o \

L) - @

A _A 1927, 19727,
Igf2 Igf2 !

Eggs carry Sperm carry

silenced alleles. expressed alleles.

A Silenced allele
® Transcribed allele

FIGURE 5.9 Genomic imprinting during gametogenesis. This
example involves a mouse gene, Igf2, which is found in two alleles
designated /gf2 and Igf2~. The left side shows a female mouse that was
produced from a sperm carrying the Igf2 allele and an egg carrying the
Igf2™ allele. In the somatic cells of this female animal, the /gf2 allele is
active. However, when this female produces eggs, both alleles are tran-
scriptionally inactive when they are transmitted to offspring. The right
side of this figure shows a male mouse that was also produced from a
sperm carrying the /gf2 allele and an egg carrying the Igf2™ allele. In
the somatic cells of this male animal, the Igf2 allele is active. The sperm
from this male may carry either a functionally active Igf2 allele or a
functionally defective Igf2™ allele. The allele inherited from the male

is expressed, resulting in normal or dwarf offspring, respectively.

CONCEPT CHECK: Explain why the erasure phase of imprinting is necessary
in eggs.
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FIGURE 5.10 The pattern of methylation from one generation to the next. In this example, a female and a male offspring have inherited a
nonmethylated gene and a methylated gene from their mother and father, respectively. Maintenance methylation retains the imprinting in somatic cells
during embryogenesis and in adulthood. Demethylation occurs in cells that are destined to become gametes. In this example, de novo methylation occurs
only in cells that are destined to become sperm (see right side). Haploid male gametes transmit a methylated gene, whereas haploid female gametes

transmit an unmethylated gene.

CONCEPT CHECK: What is the difference between maintenance methylation and de novo methylation? In what cell types (somatic cells or germ-line cells) does

each process occur?

Genomic imprinting occurs in several species, including
numerous insects, mammals, and flowering plants. Imprinting
may involve a single gene, a part of a chromosome, an entire
chromosome, or even all of the chromosomes from one parent.
Helen Crouse discovered the first example of imprinting, which
involved an entire chromosome in the housefly, Sciara coproph-
ila. In this species, a fly normally inherits three sex chromo-
somes, rather than two as in most other species. One X
chromosome is inherited from the female, and two are inherited
from the male. In male flies, both paternal X chromosomes are
lost from somatic cells during embryogenesis. In female flies,
only one of the paternal X chromosomes is lost. In both sexes,
the maternally inherited X chromosome is never lost. These re-
sults indicate that either the maternal X chromosome is marked
to promote its retention or paternal X chromosomes are marked
to promote their loss.

Genomic imprinting can also be involved in the process of
X-chromosome inactivation, described previously. In certain spe-
cies, imprinting plays a role in the choice of the X chromosome
that will be inactivated. For example, in marsupials, the paternal X
chromosome is marked so it is the X chromosome that is always
inactivated in the somatic cells of females. In marsupials, XCI is
not random; the maternal X chromosome is always active.

The Imprinting of Genes Is a Molecular Marking
Process That Involves DNA Methylation

As we have seen, genomic imprinting must involve a marking
process. A particular gene or chromosome must be marked differ-
ently during spermatogenesis compared to oogenesis. After fertil-
ization takes place, this differential marking affects the expression
of particular genes. What is the molecular explanation for genomic
imprinting? As discussed in Chapter 15, DNA methylation—the
attachment of a methyl group onto a cytosine base—is a common
way that eukaryotic genes may be regulated. Research indicates
that genomic imprinting involves an imprinting control region
(ICR) that is located near the imprinted gene (see Chapter 16,
Figure 16.4). Depending on the particular gene, the ICR is methyl-
ated in the egg or the sperm, but not both. The ICR contains bind-
ing sites for one or more proteins that regulate the transcription of
the imprinted gene. For most but not all imprinted genes, methyla-
tion causes an inhibition of transcription.

Let’s now consider the methylation process from one gen-
eration to the next. In the example shown in Figure 5.10, the pa-
ternally inherited allele for a particular gene is methylated but the
maternally inherited allele is not. A female (left side) and male
(right side) have inherited an unmethylated gene from their mother



and a methylated gene from their father. This pattern of imprinting
is maintained in the somatic cells of both individuals. However,
when the female makes gametes, the imprinting is erased during
early oogenesis, so the female will pass an unmethylated gene to
her offspring. In the male, the imprinting is also erased during
early spermatogenesis, but then de novo (new) methylation occurs
in both genes. Therefore, the male will transmit a methylated gene
to his offspring.

Imprinting Plays a Role in the Inheritance of
Certain Human Genetic Diseases

About one-hundred genes have been shown to be imprinted in
humans (Table 5.2). Some human diseases, such as Prader-Willi
syndrome (PWS) and Angelman syndrome (AS), are influenced
by imprinting. PWS is characterized by reduced motor function,
obesity, and small hands and feet. Individuals with AS are thin and
hyperactive, have unusual seizures and repetitive symmetrical
muscle movements, and exhibit mental deficiencies. Most com-
monly, both PWS and AS involve a small deletion in human chro-
mosome 15. If this deletion is inherited from the mother, it leads
to Angelman syndrome; if inherited from the father, it leads to
Prader-Willi syndrome (Figure 5.11).

Researchers have discovered that this region of chromosome
15 contains closely linked but distinct genes that are maternally or
paternally imprinted. AS results from the lack of expression of a
single gene (UBE3A) that encodes a protein that regulates protein
degradation. If the maternal allele is deleted, as in the left side of
Figure 5.11, the individual will develop AS because she or he will
not have an active copy of the UBE3A gene.

The gene(s) responsible for PWS has (have) not been defini-
tively determined, although several imprinted genes are located in
this region of chromosome 15. Two genes that are thought to play
arole in PWS are designated SNRPN and NDN. The SNRPN gene

TABLE 5.2

Examples of Mammalian Genes That Are Imprinted*

Allele

Gene Expressed Function

wr1 Maternal Wilms tumor-suppressor gene; suppresses
cell growth

INS Paternal Insulin; hormone involved in cell growth and
metabolism

Igf2 Paternal Insulin-like growth factor Il; similar to insulin

lgf2R Maternal Receptor for insulin-like growth factor Il

UBE3A Maternal Regulates protein degradation; involved in

Angelman syndrome

SNRPN Paternal Splicing factor; involved in Prader-Willi

syndrome

Gabrb Maternal Neurotransmitter receptor

*Researchers estimate that approximately 1-2% of human genes are subjected to
genomic imprinting, but only about 100 have actually been demonstrated to be
imprinted.
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FIGURE 5.11 The role of imprinting in the de-
velopment of Angelman and Prader-Willi syndromes.
Genes—Traits A small region on chromosome 15 contains two
different genes designated the AS gene and PIWS gene in this
figure. The AS gene is silenced during sperm formation, and the PWS gene is
silenced during egg formation. If a deletion of this small region of chromosome
15 is inherited from the mother, Angelman syndrome occurs because the offspring
does not inherit an active copy of the AS gene (left). Alternatively, if the chromo-
some 15 deletion is inherited from the father, Prader-Willi syndrome occurs
because the offspring does not inherit an active copy of the PWS gene (right).

CONCEPT CHECK: On the left side of this figure, explain why the offspring
does not have Prader-Willi syndrome but does have Angelman syndrome.

INTERACTIVE
EXERCISE

encodes a small nuclear ribonucleoprotein polypeptide N, which is
part of a complex that controls RNA splicing. The NDN gene en-
codes a protein called necdin that functions as a growth suppressor
for neurons in the brain. For both of these genes, the maternal al-
lele is silenced; only the paternal copy is active.

5.3 COMPREHENSION QUESTIONS

1. In mice, the copy of the /gf2 gene that is inherited from the
mother is never expressed in her offspring. This happens be-
cause the /gf2 gene from the mother
a. always undergoes a mutation that inactivates its function.

b. is deleted during oogenesis.
C. is deleted during embryonic development.
d. is not transcribed in the somatic cells of the offspring.
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2. Afemale mouse thatis Igf2 Igf2” is crossed to a male that is also
Igf2 Igf2". The expected outcome for the phenotypes of the off-
spring for this cross is
a. all normal size. ¢. 1normal: 1 dwarf.

b. all dwarf. d. 3 normal: 1 dwarf.

3. The marking process for genomic imprinting initially occurs
during
a. gametogenesis. c. embryonic development.

b. fertilization. d. adulthood.

4. Afemale born with Angelman syndrome carries a deletion in the
AS gene (i.e., the UBE3A gene). Which parent transmitted the
deletion to her?
a. Her father
b. Her mother

c. Either her mother or father

5.4 EXTRANUCLEAR

INHERITANCE

Learning Outcomes:

1. Describe the general features of the mitochondrial and
chloroplast genomes.

2. Predict the outcome of crosses involving extranuclear
inheritance.

3. Explain how mutations in mitochondrial genes cause human
diseases.

4. Evaluate the endosymbiosis theory.

Thus far, we have considered several types of non-Mendelian
inheritance patterns: maternal effect, dosage compensation,
and genomic imprinting. All of these inheritance patterns

Nucleoid

(a) Mitochondrion (b) Chloroplast

involve nuclear genes—genes located on chromosomes that
are in the cell nucleus. Another cause of non-Mendelian in-
heritance patterns involves genes that are not located in the cell
nucleus. In eukaryotic species, the most biologically important
example of extranuclear inheritance is due to genetic material
in cellular organelles. In addition to the cell nucleus, the mito-
chondria and chloroplasts contain their own genetic material.
Because these organelles are found within the cytoplasm of
cells, the inheritance of organellar genetic material is called
extranuclear inheritance (the prefix extra- means “outside
of”) or cytoplasmic inheritance. In this section, we will exam-
ine the genetic composition of mitochondria and chloroplasts
and explore the pattern of transmission of these organelles
from parent to offspring.

Mitochondria and Chloroplasts Contain Circular
Chromosomes with Many Genes

In 1951, Yukako Chiba was the first to suggest that chloroplasts
contain their own DNA. He based his conclusion on the staining
properties of a DNA-specific dye known as Feulgen. Researchers
later developed techniques to purify organellar DNA. In addition,
electron microscopy studies provided interesting insights into
the organization and composition of mitochondrial and chloro-
plast chromosomes. More recently, the advent of molecular ge-
netic techniques in the 1970s and 1980s has allowed researchers
to determine the genome sequences of organellar DNAs. From
these types of studies, the chromosomes of mitochondria and
chloroplasts were found to resemble smaller versions of bacterial
chromosomes.

The genetic material of mitochondria and chloroplasts is
located inside the organelle in a region known as the nucleoid
(Figure 5.12). The genome is a single circular chromosome, al-
though a nucleoid contains several copies of this chromosome. In

FIGURE 5.12 Nucleoids within (a) a mitochondrion and (b) a chloroplast.
The mitochondrial and chloroplast chromosomes are found within the nucleoid of the
organelle.

(a): From: Prachar J., “Mouse and human mitochondrial nucleoid--detailed structure in relation to function,” Gen Physiol
Biophys. 2010 Jun, 29(2): 160-174. Fig 3A; (b): S.P. Gibbs, R. Mak, R. Ng, & T. Slankis (1974), “The chloroplast nucle-
oid in Ochromonas danica. I1. Evidence for an increase in plastid DNA during greening,” J Cell Sci., 16(3): 579-591.
Fig. 1. © The Company of Biologists Limited. dev.biologists.org.

CONCEPT CHECK: How is a nucleoid different from a cell nucleus?




TABLE 5.3

Genetic Composition of Mitochondria and Chloroplasts

Number of
Nucleoids per Chromosomes

Organism(s) Organelle Organelle per Nucleoid
Tetrahymena Mitochondrion 1 6-8
Mouse Mitochondrion 1-3 2-6
Chlamydomonas Chloroplast 5-6 15
Euglena Chloroplast 20-34 10-15
Flowering plants Chloroplast 12-25 3-5

Source: Data from N. W. Gillham (1994), Organelle Genes and Genomes. Oxford
University Press, New York.

addition, a mitochondrion or chloroplast often has more than one
nucleoid. In mice, for example, each mitochondrion has one to
three nucleoids, with each nucleoid containing two to six copies
of the circular mitochondrial genome. However, this number var-
ies depending on the type of cell and the stage of development. In
comparison, the chloroplasts of algae and higher plants tend to
have more nucleoids per organelle. Table 5.3 describes the ge-
netic composition of mitochondria and chloroplasts for a few se-
lected organisms.

The sizes of mitochondrial and chloroplast genomes also
vary greatly among different species. For example, a 400-fold
variation is found in the sizes of mitochondrial chromosomes. In
general, the mitochondrial genomes of animal species tend to be
fairly small; those of fungi and protists are intermediate in size;
and those of plant cells tend to be fairly large. Among algae and
plants, substantial variation is also found in the sizes of chloro-
plast chromosomes.
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Figure 5.13 illustrates a map of human mitochondrial DNA
(mtDNA). Each copy of the mitochondrial chromosome consists of
a circular DNA molecule that contains only 17,000 base pairs (bp).
This size is less than 1% of a typical bacterial chromosome. The
human mtDNA carries relatively few genes. Thirteen genes encode
proteins that function within the mitochondrion. In addition,
mtDNA carries genes that encode ribosomal RNA and transfer
RNA. These rRNAs and tRNAs are necessary for the synthesis of
the 13 polypeptides that are encoded by the mtDNA. The primary
role of mitochondria is to provide cells with the bulk of their ade-
nosine triphosphate (ATP), which is used as an energy source to
drive cellular reactions. These 13 polypeptides are subunits of pro-
teins that function in a process known as oxidative phosphorylation,
in which mitochondria use oxygen and synthesize ATP.

Mitochondria require many additional proteins to carry out
oxidative phosphorylation and other mitochondrial functions. Most
mitochondrial proteins are encoded by genes within the cell nu-
cleus. When these nuclear genes are expressed, the mitochondrial
polypeptides are first synthesized outside the mitochondria in the
cytosol of the cell. They are then transported into the mitochondria
where they may associate with other polypeptides and become
functional proteins.

Chloroplast genomes tend to be larger than mitochondrial
genomes, and they have a correspondingly greater number of
genes. A typical chloroplast genome has approximately 100,000 to
200,000 bp, which is about 10 times larger than the mitochondrial
genome of animal cells. For example, the chloroplast DNA
(cpDNA) of the tobacco plant is a circular DNA molecule that
contains 156,000 bp and carries between 110 and 120 different
genes. These genes encode ribosomal RNAs, transfer RNAs, and
many proteins required for photosynthesis. As with mitochondria,
many chloroplast proteins are encoded by genes found in the plant
cell nucleus. These proteins contain chloroplast-targeting signals
that direct them into the chloroplasts.

Ribosomal RNA genes

Transfer RNA genes

NADH dehydrogenase subunit genes (7)
Cytochrome b gene

Cytochrome c oxidase subunit genes (3)
ATP synthase subunit genes (2)
Noncoding DNA

B0 EEE®E

FIGURE 5.13 A genetic map of human mitochondrial DNA
(mtDNA). This diagram illustrates the locations of many genes along
the circular mitochondrial chromosome. The genes that encode ribo-
somal RNA are shown in light brown. The genes shown in red encode
transfer RNAs. For example, tRNA*'® encodes a tRNA that carries argi-
nine. The other genes encode proteins that function within the mitochon-
drion. In addition, the mitochondrial genome has a noncoding region
shown in blue.

CONCEPT CHECK: Why do mitochondria need genes that encode rRNAs and
tRNAs?
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Extranuclear Inheritance Produces
Non-Mendelian Results in Reciprocal Crosses

In diploid eukaryotic species, most genes within the nucleus
obey a Mendelian pattern of inheritance because the homolo-
gous pairs of chromosomes segregate and independently assort
during meiosis. Except for sex-linked traits, offspring inherit one
copy of each gene from both the maternal and paternal parents.
The sorting of chromosomes during meiosis explains the inheri-
tance patterns of nuclear genes. By comparison, the inheritance
of extranuclear genetic material does not display a Mendelian
pattern. Mitochondria and chloroplasts are not sorted during
meiosis and therefore do not segregate into gametes in the same
way as nuclear chromosomes.

In 1909, Carl Correns discovered a trait that showed a non-
Mendelian pattern of inheritance involving pigmentation in Mira-
bilis jalapa (the four-o’clock plant). Leaves can be green, white,
or variegated with both green and white sectors. Correns demon-
strated that the pigmentation of the offspring depended solely on
the maternal parent (Figure 5.14). If the female parent had white
pigmentation, all offspring had white leaves. Similarly, if the fe-
male was green, all offspring were green. When the female was
variegated, the offspring could be green, white, or variegated.

The pattern of inheritance observed by Correns is a type of
extranuclear inheritance called maternal inheritance (not to be
confused with maternal effect). Chloroplasts are a type of plastid
that makes chlorophyll, a green photosynthetic pigment. Maternal
inheritance occurs because the chloroplasts are inherited only
through the cytoplasm of the egg. The pollen grains of M. jalapa
do not transmit chloroplasts to the offspring.

The phenotypes of leaves can be explained by the types of
chloroplasts within the leaf cells. The green phenotype, which is
the wild-type condition, is due to the presence of normal chloro-
plasts that make green pigment. By comparison, the white pheno-
type is due to a mutation in a gene within the chloroplast DNA that
diminishes the synthesis of green pigment.

How does a variegated phenotype occur? Figure 5.15
considers the leaf of a plant that began from a fertilized egg that
contained both types of chloroplasts, a condition known as
heteroplasmy. A leaf cell containing both types of chloroplasts is
green because the normal chloroplasts produce green pigment.
As a plant grows, the two types of chloroplasts are irregularly
distributed to daughter cells. On occasion, a cell may receive only
the chloroplasts that have a defect in making green pigment. Such
a cell continues to divide and produces a sector of the plant that is
entirely white. In this way, the variegated phenotype is produced.
Similarly, if we consider the results of Figure 5.14, a variegated
female parent may transmit green, white, or a mixture of these
types of chloroplasts to the egg cell, thereby producing green,
white, or variegated offspring, respectively.

The Pattern of Inheritance of Mitochondria and
Chloroplasts Varies Among Different Species
The inheritance of traits via genetic material within mitochon-

dria and chloroplasts is now a well-established phenomenon
that geneticists have investigated in many different species.

Cross 1 Cross 2

>

T

All white offspring

d

Green, white, or
variegated offspring

Reciprocal cross of cross 1 Reciprocal cross of cross 2

¥ SN 4
? of ? d

: :

All green offspring All green offspring

FIGURE 5.14 Maternal inheritance in the
four-o’clock plant, Mirabilis jalapa. The reciprocal
crosses of four-o’clock plants by Carl Correns consisted
of a pair of crosses between white-leaved and green-
leaved plants, and a pair of crosses between variegated-leaved and
green-leaved plants.

Genes—Traits In this example, the green phenotype is due to the synthesis
of chlorophyll by normal chloroplasts, whereas the white phenotype is due to
chloroplasts that carry a mutant allele that diminishes green pigmentation. The
variegated phenotype is described later in Figure 5.15. In the crosses shown
here, the parent providing the eggs determines the phenotypes of the off-
spring. This is due to maternal inheritance. The egg contains the chloroplasts
that are inherited by the offspring. (Note: The defective chloroplasts that give
rise to white sectors are not completely defective in chlorophyll synthesis.
Therefore, entirely white plants can survive, though they are smaller than
green or variegated plants.)

CONCEPT CHECK: What is a reciprocal cross?

INTERACTIVE
EXERCISE

In heterogamous species, two kinds of gametes are made. The fe-
male gamete tends to be large and provides most of the cytoplasm
to the zygote, whereas the male gamete is small and often provides
little more than a nucleus. Therefore, mitochondria and chloroplasts
are most often inherited from the maternal parent. However, this is
not always the case. Table 5.4 describes the inheritance patterns of
mitochondria and chloroplasts in several selected species.

In species in which maternal inheritance is generally ob-
served, the paternal parent may occasionally provide mitochon-
dria via the sperm. This phenomenon is called paternal leakage.
In the mouse, for example, approximately 1 to 4 paternal mito-
chondria are inherited for every 100,000 maternal mitochondria
per generation of offspring. Most offspring do not inherit any pa-
ternal mitochondria, but a rare individual may inherit a mitochon-
drion from the sperm.
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FIGURE 5.15 A cellular explanation of the variegated
phenotype in Mirabilis jalapa. This plant inherited two types of
chloroplasts—those that produce green pigment and those that are
defective. As the plant grows, the two types of chloroplasts are irregu-
larly distributed to daughter cells. On occasion, a leaf cell may receive
only the chloroplasts that are defective at making green pigment. Such a
cell continues to divide and produces a sector of the leaf that is entirely
white. Cells that contain both types of chloroplasts or cells that contain
only green chloroplasts produce green tissue, which may be adjacent to a
sector of white tissue. This is the basis for the variegated phenotype of
the leaves.

CONCEPT CHECK: During growth, can a patch of tissue with a white pheno-
type give rise to a patch with a green phenotype? Explain.

TABLE 5.4

Transmission of Organelles Among Different Organisms

Organism Organelle Transmission

S. cerevisiae Mitochondria Biparental inheritance
(Yeast)

Molds Mitochondria Usually maternal inheritance;

paternal inheritance has been found
in the genus Allomyces

Chlamydomonas  Mitochondria Chlamydomonas exists in two mating
(Alga) types (mt" and mt"). Inherited from
the parent with the mt™ mating type

Chlamydomonas Chloroplasts Inherited from the parent with the

mt" mating type

Angiosperms Mitochondria Often maternal inheritance, although
(Plants) and chloroplasts  biparental inheritance is found
among some species

Gymnosperms Mitochondria Usually paternal inheritance
(Plants) and chloroplasts
Mammals Mitochondria Maternal inheritance
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For extranuclear genes, you cannot use a Punnett square to
predict an offspring’s phenotype. Instead, you need to consider
two pieces of information.

* You need to know if the offspring inherits the gene from
the mother, the father, or both.

* You need to know if heteroplasmy is present in the parent
who transmits the extranuclear gene.

With this information, you can predict an offspring’s pheno-
type. For example, let’s consider a gene that affects leaf pigmenta-
tion. If the gene is inherited from the mother, and if the mother has
white leaves, you would predict that the mother would transmit the
white allele to her offspring and all of them would have white
leaves. Alternatively, the mother may exhibit heteroplasmy and
have variegated leaves. In this case, the offspring could have
green, white, or variegated leaves. Also, for maternal inheritance,
it is important to keep in mind that an occasional offspring may
not exhibit the expected phenotype due to paternal leakage.

Many Human Diseases Are Caused by
Mitochondrial Mutations

Researchers have identified many diseases that are due to mutations
in the mitochondrial DNA. Such diseases can occur in two ways.

1. Mitochondrial mutations may be transmitted from mother to
offspring. Human mtDNA is maternally inherited because it
is transmitted from mother to offspring via the cytoplasm of
the egg. Therefore, the transmission of inherited human mito-
chondrial diseases follows a maternal inheritance pattern.

2. Mitochondrial mutations may occur in somatic cells and
accumulate as a person ages. Researchers have discovered
that mitochondria are particularly susceptible to DNA
damage. When more oxygen is consumed than is actually
used to make ATP, mitochondria tend to produce free
radicals that damage DNA. Unlike nuclear DNA, mito-
chondrial DNA has very limited repair abilities and almost
no protective ability against free radical damage.

Table 5.5 describes several mitochondrial diseases that
have been discovered in humans and are caused by mutations in

TABLE 5.5

Examples of Human Mitochondrial Diseases

Disease Mitochondrial Gene Mutated

Leber hereditary
optic neuropathy

A mutation in one of several mitochondrial genes
that encode respiratory chain proteins: ND1, ND2,
CO1, ND4, ND5, ND6, and cytb; tends to affect
males more than females

Neurogenic muscle A mutation in the ATPase6 gene that encodes a
weakness subunit of the mitochondrial ATP-synthetase, which
is required for ATP synthesis

Mitochondrial
myopathy

A mutation in a gene that encodes a tRNA for leucine

Maternal myopathy A mutation in a gene that encodes a tRNA for leucine
and cardiomyopathy
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mitochondrial genes. Over 200 diseases associated with defective
mitochondria have been identified. These are usually chronic de-
generative disorders that affect cells requiring a high level of ATP,
such as nerve and muscle cells. For example, Leber hereditary op-
tic neuropathy (LHON) affects the optic nerve and may lead to the
progressive loss of vision in one or both eyes. LHON can be caused
by a defective mutation in one of several different mitochondrial
genes. Researchers are still investigating how a defect in these mi-
tochondrial genes produces the symptoms of this disease.

An important factor in mitochondrial disease is hetero-
plasmy, which means that a cell contains a mixed population of
mitochondria. Within a single cell, some mitochondria may carry
a disease-causing mutation but others may not. As cells divide,
mutant and normal mitochondria randomly segregate into the re-
sulting daughter cells. Some daughter cells may receive a high
ratio of mutant to normal mitochondria, whereas others may re-
ceive a low ratio. The ratio of mutant to normal mitochondria must
exceed a certain threshold value before disease symptoms are ob-
served. Because of the random nature of heteroplasmy, the symp-
toms of mitochondrial diseases often vary widely within a given
family. Some members that carry the mutant mitochondria may be
asymptomatic, whereas others exhibit mild to severe symptoms.

Extranuclear Genomes of Chloroplasts and
Mitochondria Evolved from an Endosymbiotic
Relationship

The idea that the nucleus, chloroplasts, and mitochondria contain
their own separate genetic material may at first seem puzzling.
Wouldn’t it be simpler to have all of the genetic material in one
place in the cell? The underlying reason for the distinct genomes of
chloroplasts and mitochondria can be traced back to their evolution-
ary origin, which is thought to have involved a symbiotic association.

A symbiotic relationship occurs when two different species
live together in a close association. The symbiont is the smaller of
the two species; the host is the larger. The term endosymbiosis
describes a symbiotic relationship in which the symbiont actually
lives inside (endo- means “inside”) the host. In 1883, Andreas
Schimper proposed that chloroplasts were descended from an en-
dosymbiotic relationship between cyanobacteria and eukaryotic
cells. This idea, now known as the endosymbiosis theory, sug-
gested that the ancient origin of chloroplasts was initiated when a
cyanobacterium took up residence within a primordial eukaryotic
cell (Figure 5.16). Over the course of evolution, the characteris-
tics of the intracellular bacterial cell gradually changed to those of
a chloroplast. In 1922, Ivan Wallin also proposed an endosymbi-
otic origin for mitochondria.

In spite of these hypotheses, the question of endosymbiosis
was largely ignored until researchers in the 1950s discovered that
chloroplasts and mitochondria contain their own genetic material.
The issue of endosymbiosis was hotly debated after Lynn Margu-
lis published a book entitled Origin of Eukaryotic Cells (1970).
During the 1970s and 1980s, the advent of molecular genetic tech-
niques allowed researchers to analyze genes from chloroplasts,
mitochondria, bacteria, and eukaryotic nuclear genomes. They
found that genes in chloroplasts and mitochondria are very similar

-
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FIGURE 5.16 The endosymbiotic origin of chloroplasts and
mitochondria. According to the endosymbiotic theory, chloroplasts de-
scended from an endosymbiotic relationship between cyanobacteria and
eukaryotic cells. This arose when a bacterium took up residence within a
primordial eukaryotic cell. Over the course of evolution, the intracellular
bacterial cell gradually changed its characteristics, eventually becoming
a chloroplast. Similarly, mitochondria are derived from an endosymbi-
otic relationship between purple bacteria and eukaryotic cells.

CONCEPT CHECK: How have chloroplasts and mitochondria changed

since the initial endosymbiosis events, which occurred hundreds of millions

of years ago?

to bacterial genes but not as similar to those found within the nu-
clei of eukaryotic cells. This observation provided strong support
for the endosymbiotic origin of chloroplasts and mitochondria,
which is now widely accepted.

The endosymbiosis theory proposes that the relationship
provided eukaryotic cells with useful cellular characteristics.
Chloroplasts were derived from cyanobacteria, a bacterial species
that is capable of photosynthesis. The ability to carry out photo-
synthesis enabled algal and plant cells to use the energy from
sunlight. By comparison, mitochondria are thought to have been
derived from a different type of bacteria known as gram-negative
nonsulfur purple bacteria. In this case, the endosymbiotic relation-
ship enabled eukaryotic cells to synthesize greater amounts of
ATP. It is less clear how the relationship would have been benefi-
cial to cyanobacteria or purple bacteria, though the cytosol of a
eukaryotic cell may have provided a stable environment with an
adequate supply of nutrients.

During the evolution of eukaryotic species, most genes that
were originally found in the genome of the primordial cyanobac-
teria and purple bacteria have been lost or transferred from the
organelles to the nucleus. This has occurred many times throughout



evolution, so modern chloroplasts and mitochondria have lost
most of the genes that are still found in present-day cyanobacteria
and purple bacteria.

5.4 COMPREHENSION QUESTIONS

1. Extranuclear inheritance occurs due to
a. chromosomes that may become detached from the spindle
apparatus during meiosis.
b. genetic material that is found in chloroplasts and
mitochondria.
c. mutations that disrupt the integrity of the nuclear
membrane.

d. none of the above.

2. Across is made between a green four-o’clock plant and a varie-
gated one. If the variegated plant provides the pollen, the ex-
pected outcome of the phenotypes of the offspring will be
a. all plants with green leaves.

b. 3 plants with green leaves to 1 plant with variegated leaves.
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¢. 3 plants with green leaves to 1 plant with white leaves.
d. some plants with green leaves, some with variegated
leaves, and some with white leaves.
3. Some human diseases are caused by mutations in mitochondrial
genes. Which of the following statements is false?
a. Human mitochondrial diseases follow a maternal inheri-
tance pattern.
b. Mutations associated with mitochondrial diseases often
affect cells with a high demand for ATP.
c. The symptoms associated with mitochondrial diseases tend
to improve with age.
d. Heteroplasmy plays a key role in the severity of mitochon-
drial disease symptoms.
4. Chloroplasts and mitochondria evolved from an endosymbiotic
relationship involving
a. purple bacteria and cyanobacteria, respectively.
b. cyanobacteria and purple bacteria, respectively.
c. cyanobacteria.
d. purple bacteria.
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X-inactivation center (Xic)

5.3: genomic imprinting, monoallelic expression, DNA methyla-
tion, imprinting control region (ICR)
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CHAPTER SUMMARY

* Non-Mendelian inheritance refers to inheritance patterns that
do not conform to (at least) one of the four rules of Mendelian
inheritance.

5.1 Maternal Effect

e Maternal effect is an inheritance pattern in which the genotype
of the mother determines the phenotype of the offspring. It
occurs because gene products of maternal effect genes are
transferred from nurse cells to the oocyte. These gene products
affect early stages of development (see Figures 5.1, 5.2).

5.2 Epigenetic Inheritance: Dosage
Compensation

» Epigenetic inheritance is a pattern in which a gene or chromo-
some is modified and gene expression is altered, but the modi-
fication is not permanent over the course of many generations.
Dosage compensation often occurs in species in which males
and females differ in their sex chromosomes (see Table 5.1).

In mammals, the process of X-chromosome inactivation in
females compensates for the single X chromosome found in

males. The inactivated X chromosome is called a Barr body.
The process can lead to a variegated phenotype, such as a calico
cat (see Figures 5.3, 5.4).

e After it occurs during embryonic development, X-chromosome
inactivation (XCI) is maintained when somatic cells divide (see
Figures 5.5, 5.6).

¢ X-chromosome inactivation is controlled by the X-inactivation
center (Xic). XCI occurs as initiation, spreading, and mainte-
nance phases (see Figure 5.7).

5.3 Epigenetic Inheritance: Genomic

Imprinting

e Genomic imprinting refers to a marking process in which an
offspring expresses a gene that is inherited from one parent but
not both (see Figures 5.8, 5.9).

* DNA methylation at an imprinting control region is the mark-
ing process that causes imprinting (see Figure 5.10).

e Human diseases such as Prader-Willi syndrome and Angelman

syndrome are associated with genomic imprinting (see Fig-
ure 5.11, Table 5.2).
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5.4 Extranuclear Inheritance

Extranuclear inheritance is the inheritance of genes that are
found in mitochondria or chloroplasts.

Mitochondria and chloroplasts have circular chromosomes in a
nucleoid. These circular chromosomes carry relatively few
genes compared with the number in the cell nucleus (see Fig-
ures 5.12, 5.13, Table 5.3).

Maternal inheritance occurs when organelles, such as mitochon-
dria or chloroplasts, are transmitted via the egg (see Figure 5.14).

Heteroplasmy of chloroplasts can result in a variegated pheno-
type (see Figure 5.15).

The transmission patterns of mitochondria and chloroplasts
vary among different species (see Table 5.4).

Many diseases are caused by mutations in mitochondrial DNA
(see Table 5.5).

Chloroplasts and mitochondria were derived from ancient
endosymbiotic relationships (see Figure 5.16).

PROBLEM SETS & INSIGHTS

MORE GENETIC TIPS 1. One strain of periwinkle

plants has green leaves and another strain has white leaves. Both
strains are true-breeding. You do not know if the phenotypic
difference is due to alleles of a nuclear gene or an organellar gene.
The two strains were analyzed using reciprocal crosses, and the
following results were obtained:

A plant with green leaves is pollinated by a plant with white
leaves: all offspring have green leaves.

A plant with white leaves is pollinated by a plant with green
leaves: all offspring have white leaves.

Is this pattern of inheritance consistent with simple Mendelian
inheritance, where green is dominant to white, and/or is it consistent
with maternal inheritance?

oOPIC: What topic in genetics does this question address?
The topic is inheritance. More specifically, the question is about
distinguishing nuclear and extranuclear inheritance patterns.

o NFORMATION: What information do you know based on
the question and your understanding of the topic? From the
question, you know there are two strains of periwinkles, green-
and white-leaved. From your understanding of the topic, you
may remember that some genes are in the nucleus, whereas others
are found in organelles, such as chloroplasts and mitochondria.
Because nuclear genes segregate differently from organellar genes,
one way to distinguish these inheritance patterns is to analyze the
results of reciprocal crosses.

0 ROBLEM-SOLVING e TRATEGY: Analyze data. Predict the
outcome. Compare and contrast. The data from reciprocal
crosses may yield different results depending on the mode of
inheritance. For example, if the gene is a nuclear gene and the
green allele is dominant, you would predict that all of the offspring
will be green-leaved for both crosses. This result was not obtained.
On the other hand, if the gene is in the chloroplasts and follows
maternal inheritance, the phenotype of the offspring will depend
on which plant contributed the egg.

ANSWER: The data are consistent with maternal inheritance, because
the phenotype of the offspring correlates with inheriting the gene
from the plant contributing the egg cells.

2. A human male named Phillip has an X chromosome that is
missing its Xic. Is this caused by a new mutation (one that occurred
during gametogenesis), or could this mutation have occurred in an
earlier generation and be found in the somatic cells of one of his
parents? Explain your answer. How would this mutation affect his
ability to produce viable offspring?

OPIC: What topic in genetics does this question address?
The topic is X-chromosome inactivation. More specifically, the
question is about the inheritance of a mutation that removes the
Xic from an X chromosome.

oNFORMATION: What information do you know based on the
question and your understanding of the topic? From the
question, you know that Phillip has an X chromosome that is
missing its Xic. From your understanding of the topic, you may
remember that an X chromosome that is missing its Xic will not
be inactivated. This is a lethal condition in females.

(D rosLeEm-soLviNG (E)) TRATEGY: Predict the outcome.
Compare and contrast. One strategy to solve this problem is to
compare the outcomes if the missing Xic occurred in a previous
generation (denoted with an asterisk) or if it occurred as a new
mutation during oogenesis or spermatogenesis in one of Phillip’s
parents. Let’s compare the following crosses, in which X*
indicates an X chromosome that is missing its Xic:

X*X x XY: Mother would have been inviable, so this cross is not
possible.

XX x X*Y: Father could not pass X* to his son, Phillip.

XX x XY (new mutation during oogenesis): A son with a missing
Xic could be produced.

XX x XY (new mutation during spermatogenesis): Father could
not pass X* to his son, Phillip.

ANSWER: The missing Xic must be due to a new mutation that oc-
curred during oogenesis in Phillip’s mother. Phillip will pass his X
chromosome to his daughters and his Y chromosome to his sons. He
cannot produce living daughters, because a missing Xic is lethal in
females. However, he can produce living sons.



3. A maternal effect gene in Drosophila, called torso, is found as a
functional allele (forso*) and a nonfunctional, recessive allele
(torso™) that prevents the correct development of anterior- and
posterior-most structures. A wild-type male (torso™ torso*) is crossed
to a female of unknown genotype. This mating produces 100% larva
that are missing their anterior- and posterior-most structures and
therefore die during early development. What is the genotype and
phenotype of the female fly in this cross? What are the genotypes
and phenotypes of the female fly’s parents?

oOPIC: What topic in genetics does this question address? The
topic is non-Mendelian inheritance. More specifically, the
question is about maternal effect inheritance.

oNFORMATION: What information do you know based on the
question and your understanding of the topic? From the
question, you know that a gene called forso can exist as a recessive
allele that prevents the proper development of anterior- and
posterior-most structures. You are also given the results of a cross
in which all of the offspring are missing their anterior- and
posterior-most structures, and die at the larval stage. From your
understanding of the topic, you may remember that when a trait
shows a maternal effect pattern of inheritance, the mother’s
genotype determines the offspring’s phenotype.

G ROBLEM-SOLVING TRATEGY: Predict the outcome.
A strategy to solve this problem is to predict the outcome depending
on the mother’s genotype. For maternal effect genes, you cannot use
a Punnett square to predict the phenotype of the offspring. Instead,
to predict their phenotype, you have to know the mother’s genotype.
In this question, you already know the offspring’s phenotype. With
this information, you can deduce the possible genotype(s) of their
mother. Because the offspring are missing their anterior- and
posterior-most structures, you may realize that the mother must be
homozygous for the recessive forso™ allele because her genotype
determines her offspring’s phenotype.

ANSWER: Because the cross produced 100% abnormal offspring that
were missing their anterior- and posterior-most structures, the mother
of the abnormal offspring must have been homozygous, forso™ torso™.
Even so, she must be phenotypically normal in order to reproduce. As
shown below, the mother of the abnormal offspring had a mother that
was heterozygous for the forso alleles and a father that was either het-
erozygous or homozygous for the torso™ allele.

torso” torso” X torso* torso” or torso” torso~
(grandmother) 1 (grandfather)
torso” torso—
(mother of 100%

abnormal offspring)
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The mother of the abnormal offspring is phenotypically normal be-
cause her mother was heterozygous and provided the gene products of
the torso* allele from the nurse cells. However, this homozygous fe-
male will produce only abnormal offspring because she cannot pro-
vide them with the functional forso* gene product.

4. An individual named Pat with Prader-Willi syndrome produced an
offspring named Lee with Angelman syndrome. The other parent
does not have either syndrome. How might this occur? What are the
sexes of Pat and Lee?

oOPIC: What topic in genetics does this question address? The
topic is inheritance. More specifically, the question is about PWS
and AS, which are associated with deletions and genomic
imprinting.

oNFORMATION: What information do you know based on the
question and your understanding of the topic? From the
question, you know an individual with Prader-Willi syndrome
produced an offspring with Angelman syndrome. From your
understanding of the topic, you may remember that the PWS
genes are silenced during oogenesis and the AS gene is silenced
during spermatogenesis. The PWS and AS genes are closely
linked along the same chromosome and a small deletion may
remove all of them.

(D rosLEM-sOLVING () TRATEGY: Predict the outcome.
Compare and contrast. You cannot use a Punnett square to
solve a problem involving genomic imprinting. When an
offspring has one of these syndromes, this means that she or he
does not have an active copy of the gene(s) associated with it. In
this case, Lee has AS, so she or he does not have an active copy
of the AS gene. You would assume that Lee inherited the
deletion from Pat, because the other parent does not have either
syndrome. Because the male parent naturally silences the AS
gene, the deletion was inherited from the mother (see Figure 5.11).
In this way, Lee would not have an active copy of the AS gene
and would have Angelman syndrome.

ANSWER: Pat is the mother, who carried a deletion that encom-
passed both the PWS and AS genes. If a female transmits the deletion
to either a son or daughter, that offspring will have AS. Therefore, Lee
could be either a male or female.

Conceptual Questions

Cl1. Define the term epigenetic inheritance, and describe two
examples.

C2. Describe the inheritance pattern of maternal effect genes. Explain
how the maternal effect occurs at the cellular level. What are the
expected functional roles of the proteins that are encoded by
maternal effect genes?

C3. A maternal effect gene exists in a dominant N (functional) allele and
a recessive n (nonfunctional) allele. What would be the ratios of
genotypes and phenotypes for the offspring of the following crosses?

A. nn female X NN male
B. NN female X nn male
C. Nn female X Nn male
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A Drosophila embryo dies during early embryogenesis due to a
recessive maternal effect allele called bicoid™. The wild-type allele
is designated bicoid". What are the genotypes and phenotypes of
the embryo’s mother and maternal grandparents?

For Mendelian inheritance, the nuclear genotype (i.e., the alleles
found on chromosomes in the cell nucleus) directly influences an
offspring’s traits. In contrast, for non-Mendelian inheritance pat-
terns, the offspring’s phenotype cannot be reliably predicted solely
from its genotype. For the following traits, what do you need to
know to predict the phenotypic outcome?

A. Dwarfism due to a mutant /gf2 allele
B. Snail coiling direction
C. Leber hereditary optic neuropathy

Suppose a maternal effect gene exists as a functional dominant
allele and a nonfunctional recessive allele. A mother who is phe-
notypically abnormal produces all normal offspring. Explain the
genotype of the mother.

Suppose that a gene affects the anterior morphology in house flies and
is inherited as a maternal effect gene. The gene exists in a functional
allele, H, and a recessive nonfunctional allele, s, which causes a small
head. A female fly with a normal head is mated to a true-breeding
male with a small head. All of the offspring have small heads. What
are the genotypes of the mother and offspring? Explain your answer.

Explain why maternal effect genes exert their effects during the
early stages of development.

As described in Chapter 22, researchers have been able to clone
mammals by fusing a cell having a diploid nucleus (i.e., a somatic
cell) with an egg that has had its nucleus removed.

A. With regard to maternal effect genes, would the phenotype of
such a cloned animal be determined by the animal that donated
the egg or by the animal that donated the somatic cell? Explain.

B. Would the cloned animal inherit extranuclear traits from the
animal that donated the egg or from the animal that donated the
somatic cell? Explain.

C. In what ways would you expect this cloned animal to be similar
to or different from the animal that donated the somatic cell? Is
it fair to call such an animal a clone of the animal that donated
the diploid nucleus?

With regard to the numbers of sex chromosomes, explain why
dosage compensation is necessary.

What is a Barr body? How is its structure different from that of
other chromosomes in the cell? How does the structure of a Barr
body affect the level of X-linked gene expression?

Among different species, describe three distinct mechanisms for
accomplishing dosage compensation.

Describe when X-chromosome inactivation occurs and how this
leads to phenotypic results at the organism level. In your answer,
you should explain why XCI causes results such as variegated coat
patterns in mammals. Why do two different calico cats have their
patches of orange and black fur in different places? Explain
whether or not a variegated coat pattern due to XCI could occur in
marsupials.

Describe the molecular process of X-chromosome inactivation.
This description should include the three phases of inactivation
and the role of the Xic. Explain what happens to the X chromo-
somes during embryogenesis, in adult somatic cells, and during
oogenesis.

CI5.
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On rare occasions, a human male is born who is somewhat feminized
compared with other males. Microscopic examination of the cells of
one such individual revealed that he has a single Barr body in each
cell. What is the chromosomal composition of this individual?

How many Barr bodies would you expect to find in humans with
the following abnormal compositions of sex chromosomes?

A XXY
B. XYY
C. XXX
D. XO0 (a person with just a single X chromosome)

Certain forms of human color blindness are inherited as X-linked
recessive traits. Hemizygous males are color-blind, but heterozy-
gous females are not. However, heterozygous females sometimes
have partial color blindness.

A. Discuss why heterozygous females may have partial color blindness.

B. Doctors identified an unusual case in which a heterozygous
female was color-blind in her right eye but had normal color
vision in her left eye. Explain how this might have occurred.

A black female cat (X®X?) and an orange male cat (X°Y) were
mated to each other and produced a male cat that was calico.
Which sex chromosomes did this male offspring inherit from its
mother and father? Remember that the presence of the Y chromo-
some determines maleness in mammals.

What is the spreading phase of X-chromosome inactivation? Why
do you think it is called a spreading phase?

When does the erasure and reestablishment phase of genomic
imprinting occur? Explain why it is necessary to erase an imprint
and then reestablish it in order to always maintain imprinting from
the same sex of parent.

In what types of cells would you expect de novo methylation to
occur? In what cell types would it not occur?

On rare occasions, people are born with a condition known as unipa-
rental disomy. It happens when an individual inherits both copies of a
chromosome from one parent and no copies from the other parent. This
occurs when two abnormal gametes happen to complement each other
to produce a diploid zygote. For example, an abnormal sperm that
lacks chromosome 15 could fertilize an egg that contains two copies of
chromosome 15. In this situation, the individual has maternal uniparen-
tal disomy 15 because both copies of chromosome 15 were inherited
from the mother. Alternatively, an abnormal sperm with two copies of
chromosome 15 could fertilize an egg with no copies. This is known as
paternal uniparental disomy 15. If a female is born with paternal unipa-
rental disomy 15, would you expect her to be phenotypically normal,
have Angelman syndrome (AS), or have Prader-Willi syndrome
(PWS)? Explain. Would you expect her to produce normal offspring or
offspring affected with AS or PWS?

Genes that cause Prader-Willi syndrome and Angelman syndrome
are closely linked along chromosome 15. Although people with
these syndromes do not usually reproduce, let’s suppose that a
couple produces two children with Angelman syndrome. The old-
est child (named Pat) grows up and has two children with Prader-
Willi syndrome. The second child (named Robin) grows up and
has one child with Angelman syndrome.

A. Are Pat and Robin’s parents both phenotypically normal or
does one of them have Angelman or Prader-Willi syndrome? If
one of them has a disorder, state whether it is the mother or the
father, and explain how you know.

B. What are the sexes of Pat and Robin? Explain.
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How is the process of X-chromosome inactivation similar to
genomic imprinting? How is it different?

What is extranuclear inheritance? Describe three examples.

What is a reciprocal cross? Suppose that a gene is found as a wild-
type (functional) allele and a recessive mutant (nonfunctional)
allele. What would be the expected outcomes of reciprocal crosses
if a true-breeding normal individual was crossed to a true-breeding
individual carrying the mutant allele? What would be the results if
the gene is maternally inherited?

Among different species, does extranuclear inheritance always fol-
low a maternal inheritance pattern? Why or why not?

Extranuclear inheritance often correlates with maternal inheri-
tance. Even so, paternal leakage may occur. What is paternal leak-
age? If a cross produced 200 offspring and the rate of
mitochondrial paternal leakage was 3%, how many offspring
would be expected to contain paternal mitochondria?

Discuss the structure and organization of the mitochondrial and
chloroplast genomes. How large are they, how many genes do they
contain, and how many copies of the genome are found in each
organelle?

C30.

C31.

C32.

C33.
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Explain the likely evolutionary origin of mitochondrial and chloro-
plast genomes. How have the sizes of the mitochondrial and chlo-
roplast genomes changed since their origin? How has this
occurred?

Which of the following traits or diseases is(are) determined by
nuclear genes?

A. Snail coiling pattern
B. Prader-Willi syndrome
C. Leber hereditary optic neuropathy

Acute murine leukemia virus (AMLV) causes leukemia in mice.
This virus is easily passed from mother to offspring through the
mother’s milk. (Note: Even though newborn offspring acquire the
virus, they may not develop leukemia until much later in life. Test-
ing can determine if an animal carries the virus.) Describe how the
development of leukemia via AMLYV resembles a maternal inheri-
tance pattern. How could you determine that this form of leukemia
is not caused by extranuclear inheritance?

Describe how a biparental pattern of extranuclear inheritance
would resemble a Mendelian pattern of inheritance for a particular
gene. How would they differ?

Experimental Questions

El.

E2.

E3.

E4.

Figure 5.1 describes an example of a maternal effect gene. Explain
how Sturtevant deduced a maternal effect gene based on the F, and
F; generations.

Discuss the types of experimental observations that Mary Lyon
brought together in proposing her hypothesis concerning X-chro-
mosome inactivation. In your own words, explain how these obser-
vations were consistent with her hypothesis.

Chapter 21 describes two blotting methods (i.e., Northern blotting
and Western blotting) used to detect gene products. Northern blot-
ting detects RNA and Western blotting detects proteins. Suppose
that a female fruit fly is heterozygous for a maternal effect gene,
which we will call gene B. The female is Bb. The normal allele, B,
encodes a functional mRNA that is 550 nucleotides long. A reces-
sive allele, b, encodes a shorter mRNA that is 375 nucleotides
long. (Allele b is due to a deletion within this gene.) How could
you use one or more of these techniques to show that nurse cells
transfer gene products from gene B to developing oocytes? You
may assume that you can dissect the ovaries of fruit flies and iso-
late oocytes separately from nurse cells. In your answer, describe
your expected results.

As a hypothetical example, a trait in mice results in abnormally
long tails. You initially have a true-breeding strain with normal
tails and a true-breeding strain with long tails. You then make the
following types of crosses:

Cross 1: When true-breeding females with normal tails are
crossed to true-breeding males with long tails, all F; offspring
have long tails.

Cross 2: When true-breeding females with long tails are
crossed to true-breeding males with normal tails, all F; oft-
spring have normal tails.

Cross 3: When F; females from cross 1 are crossed to true-breed-
ing males with normal tails, all offspring have normal tails.

ES.

E6.

E7.

Cross 4: When F; males from cross 1 are crossed to true-
breeding females with long tails, half of the offspring have
normal tails and half have long tails.

Explain the pattern of inheritance of this trait.

You have a female snail that coils to the right, but you do not know
its genotype. You may assume that right coiling (D) is dominant to
left coiling (d). You also have male snails of known genotype.
How would you determine the genotype of this female snail? In
your answer, describe your expected results depending on whether
the female is DD, Dd, or dd.

On a camping trip, you find one male snail on a deserted
island that coils to the right. However, in this same area, you
find several shells (not containing living snails) that coil to
the left. Therefore, you conclude that you are not certain of
the genotype of this male snail. On a different island, you find
a large colony of snails of the same species. All of these snails
coil to the right, and every snail shell that you find on this
second island coils to the right. With regard to the maternal
effect gene that determines coiling pattern, how would you
determine the genotype of the male snail that you found on
the deserted island? In your answer, describe your expected
results.

Figure 5.6 describes the results of X-chromosome inactivation in
mammals. If fast and slow alleles of glucose-6-phosphate dehydro-
genase (G-6-PD) exist in other species, what would be the
expected results of gel electrophoresis for a heterozygous female
of each of the following species?

A. Marsupial
B. Drosophila melanogaster

C. Caenorhabditis elegans (Note: We are considering the her-
maphrodite in C. elegans to be equivalent to a female.)
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Two male mice, which we will call male A and male B, are both
phenotypically normal. Male A was from a litter that contained
half phenotypically normal mice and half dwarf mice. The mother
of male A was known to be homozygous for the normal Igf2 allele.
Male B was from a litter of eight mice that were all phenotypically
normal. The parents of male B were a phenotypically normal male
and a dwarf female. Male A and male B were put into a cage with
two female mice that we will call female A and female B. Female
A is dwarf, and female B is phenotypically normal. The parents of
these two females were unknown, although it was known that they
were from the same litter. The mice were allowed to mate with
each other, and the following data were obtained:

Female A gave birth to three dwarf babies and four normal babies.
Female B gave birth to four normal babies and two dwarf babies.

‘Which male(s) mated with female A and female B? Explain.

In the experiment of Figure 5.6, why does a clone of cells produce
only one type of G-6-PD enzyme? What would you expect to hap-
pen if a clone was derived from an early embryonic cell? Why
does the initial sample of tissue produce both forms of G-6-PD?

Chapter 21 describes a blotting method known as Northern blot-
ting that is used to determine the amount of mRNA produced by a
particular gene. In this method, the amount of a specific mRNA
produced by cells is detected as a band on a gel. If one type of cell
produces twice as much of a particular mRNA as another cell, the
band will appear twice as dark. Also, sometimes mutations affect
the length of mRNA that is transcribed from a gene. For example,
a small deletion within a gene may shorten an mRNA. Northern
blotting also can discern the sizes of mRNAs.

Northern blot

1 2 3
800 — —
600 —

Lane 1 is a Northern blot of mRNA from cell type A that is 800
nucleotides long.

Lane 2 is a Northern blot of the same mRNA from cell type B.
(Cell type B produces twice as much of this RNA as cell type A.)

Lane 3 shows a heterozygote in which one of the two genes has
a deletion, which shortens the mRNA by 200 nucleotides.

Here is the question. Suppose an X-linked gene exists as two
alleles: B and b. Allele B encodes an mRNA that is 750 nucleo-
tides long, and allele b encodes a shorter mRNA that is 675 nucle-
otides long. Draw the expected results of a Northern blot using
mRNA isolated from the same type of somatic cells taken from the
following individuals:

A. First lane is mRNA from an X”Y male fruit fly.
Second lane is mRNA from an X’X? female fruit fly.
Third lane is mRNA from an X?X” female fruit fly.
B. First lane is mRNA from an XY male mouse.
Second lane is mRNA from an X*X? female mouse. *
Third lane is mRNA from an X®X® female mouse. *
C. First lane is mRNA from an X?0 male C. elegans.
Second lane is mRNA from an X?X” hermaphrodite C. elegans.
Third lane is mRNA from an X?X® hermaphrodite C. elegans.

*The sample is taken from an adult female mouse. It is not a clone
of cells. It is a tissue sample, like the one described in the experi-
ment of Figure 5.6.

El11. A variegated trait in plants is analyzed using reciprocal crosses.
The following results are obtained:

Variegated female X Normal male = Normal female X Variegated male

| !
1024 variegated + 52 normal 1113 normal + 61 variegated

Explain this pattern of inheritance.

Questions for Student Discussion/Collaboration

Recessive maternal effect genes are identified in flies (for example)
when a phenotypically normal mother cannot produce any normal
offspring. Because all of the offspring are dead, this female fly can-
not be used to produce a strain of heterozygous flies that could be
used in future studies. How would you identify heterozygous indi-
viduals that are carrying a recessive maternal effect allele? How
would you maintain this strain of flies in a laboratory over many
generations?

2. According to the endosymbiosis theory, mitochondria and chloro-
plasts are derived from bacteria that took up residence within
eukaryotic cells. At one time, prior to being taken up by eukaryotic
cells, these bacteria were free-living organisms. However, we can-
not take a mitochondrion or chloroplast out of a living eukaryotic
cell and get it to survive and replicate on its own. Discuss why not.

Note: All answers appear in Connect; the answers to the even-numbered
questions and all of the Concept Check and Comprehension Questions
are in Appendix B.
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GENETIC LINKAGE AND
MAPPING IN EUKARYOTES

In Chapter 2, we were introduced to Mendel’s laws of inheri-
tance. According to these principles, we expect that two different
genes will segregate and independently assort themselves during
the process that creates gametes. After Mendel’s work was redis-
covered at the turn of the twentieth century, chromosomes were
identified as the cellular structures that carry genes. The chro-
mosome theory of inheritance explained how the transmission
of chromosomes is responsible for the passage of genes from
parents to offspring.

When geneticists first realized that chromosomes contain
the genetic material, they began to suspect that discrepancies
might sometimes occur between the law of independent assort-
ment of genes and the actual behavior of chromosomes during
meiosis. In particular, geneticists assumed that each species
must contain thousands of different genes, yet cytological stud-
ies revealed that most species have at most a few dozen chromo-
somes. Therefore, it seemed likely, and turned out to be true,
that each chromosome carries many hundreds or even thousands
of different genes. The transmission of genes located close to
each other on the same chromosome violates the law of inde-
pendent assortment.

In this chapter, we will consider the pattern of inheritance
that occurs when different genes are situated on the same

chromosome. In addition, we will briefly explore how the data
from genetic crosses are used to construct a genetic map—a dia-
gram that describes the order of genes along a chromosome.
Newer strategies for gene mapping are examined in Chapter 23.
However, an understanding of traditional mapping studies, as de-
scribed in this chapter, will strengthen our appreciation for these
newer molecular approaches. More importantly, traditional map-
ping studies further illustrate how the location of two or more
genes on the same chromosome can affect the patterns of gene
transmission from parents to offspring.

6.1 OVERVIEW OF LINKAGE

Learning Outcomes:

1. Define genetic linkage.
2. Explain how linkage affects the outcome of crosses.

In eukaryotic species, each linear chromosome contains a very
long segment of DNA along with many different proteins. A
chromosome contains many individual functional units—called
genes—that influence an organism’s traits. A typical chromo-
some is expected to contain many hundreds or perhaps a few
thousand different genes. The term synteny means that two or
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more genes are located on the same chromosome. Genes that are
syntenic are physically linked to each other, because each eukary-
otic chromosome contains a single, continuous, linear molecule
of DNA. Genetic linkage is the phenomenon in which genes
that are close together on the same chromosome tend to be trans-
mitted as a unit. Therefore, genetic linkage has an influence on
inheritance patterns.

Chromosomes are sometimes called linkage groups, be-
cause a chromosome contains a group of genes that are physically
linked together. In species that have been characterized genetically,
the number of linkage groups equals the number of chromosome
types. For example, human somatic cells have 46 chromosomes,
which are composed of 22 types of autosomes that come in pairs
plus one pair of sex chromosomes, X and Y. Therefore, humans
have 22 autosomal linkage groups, and an X chromosome linkage
group, with males also having a Y chromosome linkage group. In
addition, the human mitochondrial genome is another linkage
group.

Geneticists are often interested in the transmission of two
or more characters in a genetic cross. An experiment that follows
the variants of two different characters in a cross is called a
two-factor cross; one that follows three characters is a three-factor
cross; and so on. The outcome of a two-factor or three-factor cross
depends on whether or not the genes are linked to each other on
the same chromosome. Next, we will examine how linkage affects
the transmission patterns of two characters. Later sections will
examine crosses involving three characters.

Bateson and Punnett Discovered Two Genes
That Did Not Assort Independently

An early study indicating that some genes may not assort inde-
pendently was carried out by William Bateson and Reginald
Punnett in 1905. According to Mendel’s law of independent
assortment, a two-factor cross between two individuals that are
heterozygous for two genes should yield a 9:3:3:1 phenotypic
ratio among the offspring. However, a surprising result
occurred when Bateson and Punnett conducted a cross in the
sweet pea involving two different characters: flower color and
pollen shape.

As seen in Figure 6.1, they began by crossing a true-
breeding strain with purple flowers (PP) and long pollen (LL)
to a true-breeding strain with red flowers (pp) and round pol-
len (/I). This yielded an F, generation of plants that all had
purple flowers and long pollen (PpLl). An unexpected result
came from the F, generation. Even though the F, generation
had four different phenotypic categories, the observed num-
bers of offspring with the various phenotypes did not conform
to a 9:3:3:1 ratio. Bateson and Punnett found that the F, gen-
eration had a much greater proportion of the two phenotypes
found in the parental generation—purple flowers with long
pollen and red flowers with round pollen. Therefore, they sug-
gested that the transmission of these two characters from the
parental generation to the F, generation was somehow coupled
and not easily assorted in an independent manner. However,
Bateson and Punnett did not realize that this coupling was due

GENETIC LINKAGE AND MAPPING IN EUKARYOTES

P generation

o®

Red flowers,
round pollen (ppll)

Purple flowers,
long pollen (PPLL)

F, generation

Purple flowers,
long pollen (PpL/)

l Self-fertilization

Observed Expected
F, generation number Ratio number Ratio
Purple flowers, long pollen 296 15.6 240 9
Purple flowers, round pollen 19 1.0 80 3
Red flowers, long pollen 27 1.4 80 3
Red flowers, round pollen 85 4.5 27 1

FIGURE 6.1 An experiment of Bateson and Punnett with
sweet peas, showing that independent assortment does not always
occur. Note: The expected numbers are rounded to the nearest whole
number.

CONCEPT CHECK: Which types of offspring are found in excess in the F,
generation, based on Mendel’s law of independent assortment?

to the linkage of the flower color gene and the pollen shape
gene on the same chromosome.

6.1 COMPREHENSION QUESTIONS

1. Genetic linkage occurs because

a. genes that are on the same chromosome may affect the
same character.

b. genes that are close together on the same chromosome
tend to be transmitted together to offspring.

c. genes that are on different chromosomes are independently
assorted.

d. none of the above.

2. In the experiment by Bateson and Punnett, which of the
following observations suggested genetic linkage in the sweet
pea?

a. A 9:3:3:1 ratio was observed in the F, offspring.

b. A 9:3:3:1 ratio was not observed in the F, offspring.

¢. Anunusually high number of F, offspring had phenotypes of
the parental generation.

d. Both b and c suggested linkage.



6.2 RELATIONSHIP BETWEEN
LINKAGE AND

CROSSING OVER

Learning Outcomes:

1. Describe how crossing over can change the arrangements of
alleles along a chromosome.

2. Explain how the distance between linked genes affects the
proportions of recombinant and nonrecombinant offspring.

3. Apply a chi square analysis to distinguish between linkage
and independent assortment.

4. Analyze the experiment of Stern, and explain how it indi-
cated that recombinant offspring carry chromosomes that
are the result of crossing over.

Even though the alleles for different genes may be linked on the
same chromosome, the linkage can be altered during meiosis. In
diploid eukaryotic species, homologous chromosomes can ex-
change pieces with each other, a phenomenon called crossing
over. This event most commonly occurs during prophase of
meiosis I. As discussed in Chapter 3, the replicated chromo-
somes, known as sister chromatids, associate with the homolo-
gous sister chromatids to form a structure known as a bivalent.
A bivalent is composed of two pairs of sister chromatids. In
prophase of meiosis I, a sister chromatid of one pair may cross
over with a sister chromatid from the homologous pair (refer
back to Figure 3.10). In this section, we will consider how cross-
ing over affects the pattern of inheritance for genes linked on
the same chromosome.

Crossing Over May Produce
Recombinant Genotypes

Figure 6.2 considers meiosis when two genes are linked on the
same chromosome. Prior to meiosis, one of the chromosomes
carries the B and A alleles, while the homolog carries the b and a
alleles. In Figure 6.2a, no crossing over has occurred. Therefore,
the resulting haploid cells contain the same combination of al-
leles as the original chromosomes. In this case, two haploid cells
carry the dominant B and A alleles, and the other two carry the
recessive b and a alleles. The arrangement of linked alleles has
not been altered.

In contrast, Figure 6.2b illustrates what can happen when
crossing over occurs. Two of the haploid cells contain combina-
tions of alleles, namely, B and a or b and A, which differ from
those in the original chromosomes. In these two cells, the group-
ing of linked alleles has changed. The haploid cells carrying the B
and a allelles or the b and A alleles are called recombinant cells.
If such haploid cells are gametes that participate in fertilization,
the resulting offspring are called recombinant offspring. These
offspring can display combinations of traits that are different from
those of either parent. In contrast, offspring that have inherited
chromosomes carrying the same combinations of alleles found in
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(a) Without crossing over, linked
alleles segregate together.

(b) Crossing over can reassort
linked alleles.

FIGURE 6.2 Consequences of crossing over
during meiosis. (a) In the absence of crossing over, the A
ONLINE and B alleles and the a and b alleles are maintained in the
ANIMATION same arrangement. (b) Crossing over has occurred in the
region between the two genes. The lowermost two cells are recombinant
haploid cells, each with a new combination of alleles.

—

CONCEPT CHECK: If a crossover began in the short region between gene A
and the tip of the chromosome, would this event affect the arrangement of
the A and B alleles?

the chromosomes of their parents are known as nonrecombinant
offspring.

When offspring inherit a combination of two or more
alleles or traits that are different from either of their parents, this
event is known as genetic recombination. It commonly occurs
in two ways:

1. When two or more genes are linked on the same chromo-
some, crossing over during meiosis can result in genetic
recombination.

2. When two or more genes are on different chromosomes,
the independent assortment of those chromosomes during
meiosis can result in genetic recombination.

In this chapter, our definition of recombinant offspring is the
following: Recombinant offspring are produced by the exchange
of DNA between two homologous chromosomes during meiosis in
one or both parents, leading to a novel combination of genetic
material. In other words, recombinant offspring carry chromo-
somes that are the product of crossing over.
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Morgan Provided Evidence for the Linkage of
X-Linked Genes and Proposed That Crossing
Over Between X Chromosomes Can Occur

The first direct evidence that different genes are physically located
on the same chromosome came from the studies of Thomas Hunt
Morgan in 1911, who investigated the inheritance pattern of dif-
ferent characters that had been shown to follow an X-linked pat-
tern of inheritance. Figure 6.3 illustrates an experiment involving
three characters that Morgan studied. His parental crosses were
female fruit flies that had yellow bodies (yy), white eyes (ww), and
miniature wings (mm) mated to wild-type males. The wild-type
alleles for these three genes are designated y* (gray body), w* (red
eyes), and m* (long wings). As expected, the phenotypes of the F,
generation were wild-type females and males with yellow bodies,
white eyes, and miniature wings. The linkage of these genes was
revealed when the F, flies were mated to each other and the F,
generation examined.

P generation

Xywm yywm Xy*w‘*‘m*‘ Y

F, generation
F; generation
contains wild-type
females and
yellow-bodied,
white-eyed,
miniature-winged
males.

Xy+W+m+ xywm xXywmy
F, generation Females Males Total
Gray body, red eyes, long wings 439 319 758
Gray body, red eyes, miniature wings 208 193 401
Gray body, white eyes, long wings 1 0 1
Gray body, white eyes, miniature wings 5 1 16
Yellow body, red eyes, long wings 7 5 12
Yellow body, red eyes, miniature wings 0 0 0
Yellow body, white eyes, long wings 178 139 317
Yellow body, white eyes, miniature wings 365 335 700

FIGURE 6.3 Morgan’s three-factor crosses involving three
X-linked traits in Drosophila.

Genes—Traits Three genes that govern body color, eye color, and wing length
are all found on the X chromosome of fruit flies. Therefore, the offspring tend to
inherit a nonrecombinant pattern of alleles (y'w'm" or ywm). Figure 6.5 explains
how single and double crossovers can create a recombinant pattern of alleles.

CONCEPT CHECK: Of the eight possible phenotypic combinations in the F,
generation, which ones are the product of a single crossover?

GENETIC LINKAGE AND MAPPING IN EUKARYOTES

Instead of equal proportions of the eight possible phenotypes,
Morgan observed a much higher proportion of the combinations
of traits found in the parental generation. He observed 758 flies with
gray bodies, red eyes, and long wings, and 700 flies with yellow
bodies, white eyes, and miniature wings. Morgan’s explanation for
this higher proportion of a nonrecombinant pattern of traits was that
all three genes are located on the X chromosome and, therefore, tend
to be transmitted together as a unit.

However, to fully account for the data shown in Figure 6.3,
Morgan needed to explain why a significant proportion of the F,
generation had a recombinant pattern of traits. Along with the two
nonrecombinant phenotypes, five other phenotypic combinations ap-
peared that were not found in the P generation. How did Morgan
explain these data? He considered the studies conducted in 1909 by
Belgian cytologist Frans Janssens, who observed chiasmata under
the microscope and proposed that crossing over involves a physical
exchange between homologous chromosomes. Morgan shrewdly re-
alized that crossing over between homologous X chromosomes was
consistent with his data. He assumed that crossing over did not occur
between the X and Y chromosome and that these three genes are not
found on the Y chromosome. With these ideas in mind, he hypothe-
sized that the genes for body color, eye color, and wing length are all
located on the same chromosome, namely, the X chromosome.
Therefore, the alleles for all three genes are most likely to be inherited
together. Due to crossing over, Morgan also proposed that the ho-
mologous X chromosomes (in the female) can exchange pieces of
chromosomes and produce new (recombinant) patterns of alleles and
recombinant patterns of traits in the F, generation.

To appreciate Morgan’s proposals, let’s simplify his data
and consider only two of the three genes: those that affect body
color and eye color. If we use the data from Figure 6.3, the follow-
ing results were obtained:

Gray body, red eyes 1159

Yellow body, white eyes 1017

Gray body, white eyes 17 } Recombinant
Yellow body, red eyes 12 J offspring
Total 2205

Figure 6.4 considers how Morgan’s proposals could account for
these data. The nonrecombinant offspring with gray bodies and
red eyes or yellow bodies and white eyes were produced when no
crossing over had occurred between the two genes (Figure 6.4a).
This was the more common situation. By comparison, crossing
over could alter the pattern of alleles along each chromosome and
account for the recombinant offspring (Figure 6.4b). Why were
there relatively few recombinant offspring? These two genes are
very close together on the same chromosome, which makes it un-
likely that a crossover would be initiated between them. As de-
scribed next, the distance between two genes is an important factor
that determines the relative proportions of recombinant offspring.

The Likelihood of Crossing Over Between Two
Genes Depends on the Distance Between Them

In the experiment of Figure 6.3, Morgan also noticed a quantita-
tive difference between recombinant offspring involving body
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(b) Crossing over, recombinant offspring

FIGURE 6.4 Morgan’s explanation for nonrecombinant and recombinant offspring. As described in Chapter 3, crossing over actually occurs
when chromosomes form bivalents, in which homologous pairs of sister chromosome align with each other. For simplicity, this figure shows only two X
chromosomes (one from each homolog) rather than four chromatids, which would occur during the bivalent stage of meiosis. Also note that this figure
shows only a portion of the X chromosome. A map of the entire X chromosome is shown in Figure 6.7.

CONCEPT CHECK: Why are the nonrecombinant offspring more common than the recombinant offspring?

color and eye color versus those involving eye color and wing
length. This quantitative difference is revealed by reorganizing the
data of Figure 6.3 by pairs of genes.

Gray body, red eyes 1159

Yellow body, white eyes 1017

Gray body, white eyes 17 1 Recombinant
Yellow body, red eyes 12 } offspring
Total 2205

Red eyes, long wings 770

White eyes, miniature wings 716
Red eyes, miniature wings 401 } Recombinant
White eyes, long wings 318 J offspring

Total 2205
Morgan found a substantial difference between the numbers of

recombinant offspring when pairs of genes were considered sepa-
rately. Recombinant patterns involving only eye color and wing

length were fairly common—401 + 318 recombinant offspring. In
sharp contrast, recombinant patterns for body color and eye color
were quite rare—17 + 12 recombinant offspring.

How did Morgan explain these data? Another proposal that
he made was that the likelihood of crossing over depends on the
distance between two genes. If two genes are far apart from each
other, crossing over is more likely to occur between them than it is
between two genes that are close together.

Figure 6.5 illustrates the possible events that occurred in
the F, female flies of Morgan’s experiment. One of the X chromo-
somes carried all three dominant alleles; the other had all three
recessive alleles. During oogenesis in the F, female flies, crossing
over may or may not have occurred in this region of the X chromo-
some. If no crossing over occurred, the nonrecombinant pheno-
types were produced in the F, offspring (Figure 6.5a). Alternatively,
a crossover sometimes occurred between the eye color gene and
the wing length gene to produce recombinant offspring with gray
bodies, red eyes, and miniature wings or with yellow bodies, white
eyes, and long wings (Figure 6.5b). According to Morgan’s
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FIGURE 6.5 Morgan’s explanation for different proportions of recombinant offspring. Crossing over is more likely to occur between two
genes that are relatively far apart than between two genes that are very close together. A double crossover is particularly uncommon.

CONCEPT CHECK: Why are the types of offspring described in part (b) of Figure 6.5 more numerous than those described in part (c)?



proposal, such an event is fairly likely because these two genes
are far apart from each other on the X chromosome. In contrast,
he proposed that the body color and eye color genes are very
close together, which makes crossing over between them an un-
likely event. Nevertheless, it occasionally occurred, yielding off-
spring with gray bodies, white eyes, and miniature wings or with
yellow bodies, red eyes, and long wings (Figure 6.5¢). Finally, it
was also possible for two homologous chromosomes to cross over
twice (Figure 6.5d). This double crossover is very unlikely.
Among the 2205 offspring Morgan examined, he found only 1 fly
with a gray body, white eyes, and long wings, a phenotype that
could be explained by this phenomenon.

A Chi Square Analysis Can Be Used to Distinguish
Between Linkage and Independent Assortment

Now that we have an appreciation for linkage and the production
of recombinant offspring, let’s consider how an experimenter can
objectively decide whether two genes are linked or assort indepen-
dently. In Chapter 2, we used a chi square analysis to evaluate the
goodness of fit between a genetic hypothesis and the observed
experimental data. This method can similarly be employed to de-
termine if the outcome of a two-factor cross is consistent with
linkage or independent assortment.

To conduct a chi square analysis, we must first propose a
hypothesis. In a two-factor cross, the standard hypothesis is that
the two genes are not linked. This hypothesis is chosen even if the
observed data suggest linkage, because an independent assortment
hypothesis allows us to calculate the expected number of offspring
based on the genotypes of the parents and the law of independent
assortment. In contrast, for two linked genes that have not been
previously mapped, we cannot calculate the expected number of
offspring from a genetic cross because we do not know how likely
it is for a crossover to occur between the two genes. Without ex-
pected numbers of recombinant and nonrecombinant offspring,
we cannot conduct a chi square test. Therefore, we begin with the
hypothesis that the genes are not linked. Recall from Chapter 2
that the hypothesis we are testing is called a null hypothesis, be-
cause it assumes there is no real difference between the observed
and expected values. The goal is to determine whether or not the
data fit the hypothesis. If the chi square value is low and we cannot
reject the null hypothesis, we infer that the genes assort indepen-
dently. On the other hand, if the chi square value is so high that our
hypothesis is rejected, we accept the alternative hypothesis,
namely, that the genes are linked.

Of course, a statistical analysis cannot prove that a hypoth-
esis is true. If the chi square value is high, we accept the linkage
hypothesis because we are assuming that only two explanations
for a genetic outcome are possible: the genes are either linked or
not linked. However, other factors, such as a decreased viability of
particular phenotypes, may affect the outcome of a cross, which
can result in large deviations between the observed and expected
values and can cause us to reject the independent assortment hy-
pothesis even though it may be correct.

To carry out a chi square analysis, let’s reconsider Morgan’s
data concerning body color and eye color (see Figure 6.4). This
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cross produced the following offspring: 1159 gray body, red eyes;
1017 yellow body, white eyes; 17 gray body, white eyes; and 12
yellow body, red eyes. When a heterozygous female (X” +W+wa) is
crossed to a hemizygous male (X"Y), the laws of segregation and
independent assortment predict the following outcome:

F, male gametes

g xw Y

9 Xy+W+XyW Xy+W+Y
Xy+w+
Gray body, | Gray body,
red eyes red eyes
XYW xyw xywy
3 xw
g Gray body, | Gray body,
S white eyes | white eyes
Q@
£ x|ty
Lyt
w Yellow body, | Yellow body,
red eyes red eyes
XYW xyw Xy
xXyw
Yellow body, | Yellow body,
white eyes | white eyes

A step-by-step outline for applying the chi square test to
distinguish between linkage and independent assortment is de-
scribed next.

Step 1. Propose a hypothesis. Mendel’s laws predict a 1:1:1:1
ratio among the four phenotypes. Even though the ob-
served data appear inconsistent with this hypothesis, we
propose that the two genes for eye color and body color
obey Mendel’s law of independent assortment. This hy-
pothesis allows us to calculate expected values. Because
the data seem to conflict with this hypothesis, we actu-
ally anticipate that the chi square analysis will allow us
to reject the independent assortment hypothesis in favor
of a linkage hypothesis. We are also assuming the alleles
follow the law of segregation, and the four phenotypes
are equally viable.

Step 2. Based on the hypothesis, calculate the expected value of
each of the four phenotypes. Each phenotype has an
equal probability of occurring (see the Punnett square
given previously). Therefore, the probability of each
phenotype is 1/4. The observed F, generation had a total
of 2205 individuals. Our next step is to calculate the
expected number of offspring with each phenotype when
the total equals 2205; 1/4 of the offspring should be each
of the four phenotypes:

1/4 x 2205 = 551 (expected number of each phenotype,
rounded to the nearest whole number)

Step 3. Apply the chi square formula, using the data for the
observed values (O) and the expected values (E) that
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have been calculated in step 2. In this case, the data con-
sist of four phenotypes.

)(2

2 2 2 2
_ (0, ; E) N (OZ;Ez) N (03;153) N (04; E)
1 2 4
(1159 — 551)2 (17 — 551)2
- 551 551
(12 =551 (1017 - 551)°
551 551
¥ =670.9 + 517.5 + 527.3 + 394.1 = 2109.8

3

)(2

Step 4. Interpret the calculated chi square value. This is done
with a chi square table, as discussed in Chapter 2. The
four phenotypes are based on the law of segregation and
the law of independent assortment. By itself, the law of
independent assortment predicts only two categories, re-
combinant and nonrecombinant. Therefore, based on a
hypothesis of independent assortment, the degree of
freedom equals n — 1, whichis 2 — 1, or 1.

The calculated chi square value of 2109.8 is enormous!
This means that the deviation between observed and expected
values is very large. With 1 degree of freedom, such a large
deviation is expected to occur by chance alone less than 1% of
the time (see Table 2.1). Therefore, we reject the hypothesis that
the two genes assort independently. As an alternative, we ac-
cept the hypothesis that the genes are linked. Even so, it should
be emphasized that rejecting the null hypothesis does not
prove that the linkage hypothesis is correct. For example,
some of the non-Mendelian inheritance patterns described in
Chapter 5 can produce results that do not conform to indepen-
dent assortment.

Research Studies Provided Evidence That
Recombinant Offspring Have Inherited a
Chromosome That Is the Product of a Crossover

As we have seen, Morgan’s studies were consistent with the hy-
pothesis that crossing over occurs between homologous chromo-
somes to produce new combinations of alleles. In the 1930s,
experimentation provided direct evidence that recombinant off-
spring have inherited a chromosome that is the product of a cross-
over. One of these studies involved the analysis of corn kernels
and was carried out by Harriet Creighton and Barbara McClintock.
Another study by Curt Stern involved crosses in Drosophila. In
both studies, the researchers first made crosses involving two
linked genes to produce nonrecombinant and recombinant off-
spring. Second, they used a microscope to view the structures of
the chromosomes in the parents and in the offspring. Because the
chromosomes had some unusual structural features, they could
microscopically distinguish between the two homologous chro-
mosomes within a pair. This enabled them to correlate the occur-
rence of recombinant offspring with microscopically observable
exchanges in segments of homologous chromosomes.

Let’s consider the experiments of Stern. He had strains
of flies with microscopically detectable abnormalities in the
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X chromosome. In one case, the X chromosome was shorter than
normal due to a deletion at one end (see the all blue chromosome
on the left side of Figure 6.6a). In another case, the X chromo-
some was longer than normal because an extra piece of the Y
chromosome was attached at the other end of that chromosome,
where the centromere is located (see the all purple chromosome
in Figure 6.6a). On the short X chromosome, both a dominant
allele (B) that causes bar-shaped eyes and a recessive allele (car)
that results in carnation-colored eyes were located. On the long
X chromosome were located the wild-type alleles for these two
genes (designated B* and car™), which confer round eyes and red
eyes, respectively. Stern realized that a crossover between the
two X chromosomes in such female flies would result in recom-
binant chromosomes that would be cytologically distinguishable
from the starting chromosomes. If a crossover occurred between

B car B car*
[ — ) [ S— L
X Crossing over
—>
B* car* B* car

(a) X chromosomes found in Stern’s flies and the result of them
crossing over

Male gametes
X chromosome

d B*car Y Phenotype from female
B e Blor E;:rrhat'on -B = L
car B*car X !
eyes
» Btcar* B*car* Round, red B* car*
o Bfcar* 9
o Btcar Y eyes
€
@©
(o))
Q
@©
e Btcar Btcar Round, B* car
(0] + . _— =
& Btcar Bicar Y carnation e
eyes
B car*
Bear* Bar, red ) N
eyes

(b) The results of Stern’s crosses

FIGURE 6.6 Stern’s experiments showing a correlation be-
tween recombinant offspring and crossing over. (a) The left side
shows the original X chromosomes found in Stern’s female flies. On the
top left (all blue chromosome), the X chromosome has a deletion on the
left end. On the bottom left (all purple chromosome), a segment of the Y
chromosome has been attached on the right end of the X chromosome.
The right side shows the results of a crossover. (b) The results obtained
by Stern. The female parent carried the two X chromosomes shown on
the left side in part (a). The male parent had a normal X chromosome
carrying B* and car and a 'Y chromosome.



the B and car genes on the X chromosome, this is expected to pro-
duce the following two chromosomes (see right side of Figure 6.6a):

* An abnormal X chromosome with a deletion at one end
and an extra piece of the Y chromosome at the other end,;
the genotype would be B car*.

* A normal-sized X chromosome; the genotype would be
Bcar.

Stern crossed female flies carrying B car (see the all blue chromo-
some in Figure 6.6a) and B*car* (see the all purple chromosome
in Figure 6.6a) to male flies that had a normal-sized X chromo-
some with both recessive alleles (B*car) Using a microscope,
he could discriminate between the morphologies of starting
chromosomes—those in the original parental flies—and recombi-
nant chromosomes that may be found in the offspring.

As shown in Figure 6.6b, Stern’s experiment showed a cor-
relation between recombinant phenotypes and the inheritance of
chromosomes that were the product of a crossover. Because he
knew the arrangement of alleles in the female flies, he could pre-
dict the phenotypes of nonrecombinant and recombinant offspring.
The male flies could contribute the B and car alleles (on a normal-
sized X chromosome) or contribute a Y chromosome. In the ab-
sence of crossing over, the female flies could contribute a short X
chromosome with the B and car alleles or a long X chromosome
with the B* and car* alleles. If crossing over occurred in the region
between these two genes, the female flies would contribute recom-
binant X chromosomes. One possible recombinant X chromosome
would be normal-sized and carry the B* and car alleles, and the
other recombinant X chromosome would have a deletion at one end
with a piece of the Y chromosome attached to the other end and
would carry the B and car* alleles. When combined with an X or Y
chromosome from the males, the nonrecombinant offspring would
have bar, carnation eyes or wild-type eyes; the recombinant off-
spring would have round, carnation eyes or bar, red eyes.

The results shown in Figure 6.6b are the actual results that
Stern observed. His interpretation was that crossing over between
homologous chromosomes—in this case, X chromosomes—accounts
for the formation of offspring with recombinant phenotypes.

6.2 COMPREHENSION QUESTIONS

1. With regard to linked genes on the same chromosome, which
of the following statements is false?
a. Crossing over is needed to produce nonrecombinant offspring.

b. Crossing over is needed to produce recombinant offspring.

c. Crossing over is more likely to separate alleles if they are
far apart on the same chromosome.

d. Crossing over that separates linked alleles occurs during
prophase of meiosis .

2. Morgan observed a higher number of recombinant offspring involv-
ing eye color and wing length (401 + 318) than recombinants for
body color and eye color (17 + 12). These results occurred because
a. the genes affecting eye color and wing length are farther

apart on the X chromosome than are the genes affecting
body color and eye color.
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b. the genes affecting eye color and wing length are closer to-
gether on the X chromosome than are the genes affecting
body color and eye color.

c. the gene affecting wing length is not on the X chromosome.

d. the gene affecting body color is not on the X chromosome.

3. For a chi square analysis involving genes that may be linked,
which of the following statements is correct?

a. Anindependent assortment hypothesis is not proposed
because the data usually suggest linkage.

b. Anindependent assortment hypothesis is proposed because
it allows the expected numbers of offspring to be calculated.

c. Alarge chi square value suggests that the observed and
expected data are in good agreement.

d. The null hypothesis is rejected when the chi square value is
very low.

6.3 GENETIC MAPPING IN

PLANTS AND ANIMALS

Learning Outcomes:

1. Describe why genetic mapping is useful.

2. Calculate the map distance between linked genes using
data from a testcross.

3. Explain how interference affects the number of double
Crossovers.

The purpose of genetic mapping, also known as gene mapping or
chromosome mapping, is to determine the linear order and distance
of separation among genes that are linked to each other along the
same chromosome. Figure 6.7 illustrates a simplified genetic map
of Drosophila melanogaster, depicting the locations of many differ-
ent genes along the individual chromosomes. As shown here, each
gene has its own unique locus—the site where the gene is found
within a particular chromosome. For example, the gene designated
brown eyes (bw), which affects eye color, is located near one end of
chromosome 2. The gene designated black body (b), which affects
body color, is found near the middle of the same chromosome.
Why is genetic mapping useful? First, it allows geneticists to
understand the overall complexity and organization of the genome
of a particular species. The genetic map of a species portrays the
underlying basis for the inherited traits an organism of that species
displays. In some cases, the known locus of a gene within a genetic
map can help molecular geneticists to clone that gene and thereby
obtain greater information about its molecular features. In addition,
genetic maps are useful from an evolutionary point of view. A com-
parison of the genetic maps for different species can improve our
understanding of the evolutionary relationships among them.
Along with these scientific uses, genetic maps have many
practical benefits. For example, many human genes that play a role
in diseases have been genetically mapped. This information can be
used to diagnose and perhaps someday treat inherited human dis-
eases. It can also help genetic counselors predict the likelihood
that a couple will produce children with certain inherited diseases.
In addition, genetic maps are gaining increasing importance in
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FIGURE 6.7 A simplified genetic linkage map of Drosophila melanogaster. This simplified map illustrates a few of the many thousands of

genes that have been identified in this organism.

CONCEPT CHECK: List five reasons why genetic maps are useful.

agriculture. A genetic map can provide plant and animal breeders
with helpful information for improving agriculturally important
strains through selective breeding programs.

In this section, we will examine traditional genetic mapping
techniques that involve an analysis of crosses of individuals that are
heterozygous for two or more genes. Determining the number of
recombinant offspring due to crossing over provides a way to de-
duce the linear order of genes along a chromosome. As depicted in
Figure 6.7, this linear arrangement of genes is known as a genetic
linkage map. Such maps have been constructed for several plant
species and certain species of animals, including Drosophila. Map-
ping has also been carried out on fungi as described in Section 6.4.
For many organisms, however, traditional mapping approaches are
difficult due to long generation times or the inability to carry out
experimental crosses (as with humans). Fortunately, many alterna-
tive methods of gene mapping have been developed to replace the
need to carry out crosses. As described in Chapter 23, molecular
approaches are increasingly used to map genes.

A Testcross Is Conducted to Produce
a Genetic Linkage Map

Genetic mapping allows us to estimate the relative distances be-
tween linked genes based on the likelihood that a crossover will

occur between them. If two genes are very close together on the
same chromosome, a crossover is unlikely to begin in the region
between them. However, if two genes are very far apart, a cross-
over is more likely to be initiated in this region, thereby recombin-
ing the alleles of the two genes. Experimentally, the basis for
genetic mapping is that the percentage of recombinant offspring is
correlated with the distance between two genes. If two genes are
far apart, many recombinant offspring will be produced. However,
if two genes are close together, very few recombinant offspring
will be observed.

To interpret a genetic mapping experiment, the experimenter
must know if the characteristics of an offspring are due to crossing
over during meiosis in a parent. This is accomplished by conducting
a testcross. Most testcrosses are between an individual that is het-
erozygous for two or more genes and an individual that is recessive
and homozygous for the same genes. The goal of the testcross is to
determine if recombination has occurred during meiosis in the het-
erozygous parent. Therefore, genetic mapping is based on the level
of recombination that occurs in just one parent—the heterozygote.
In a testcross, new combinations of alleles cannot occur in the gam-
etes of the other parent, the one that is homozygous for these genes.

Figure 6.8 illustrates the strategy for conducting a test-
cross to distinguish between recombinant and nonrecombinant
offspring. The experiment begins with a true-breeding parental
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Parental generation
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Long bristles Short bristles Long bristles Short bristles

Gray body Ebony body Ebony body Gray body

Nonrecombinant Nonrecombinant Recombinant Recombinant
Total: 537 542 76 75

I FIGURE 6.8 Use of a testcross to distinguish between recombinant and nonrecombinant offspring. The parental generation
begins with two different true-breeding strains to produce an F| heterozygote. In the testcross, an F; female that is heterozygous for both
INTERRCTIVE genes (s*sete) is crossed to a male that is homozygous recessive for short bristles (ss) and ebony body (ee). The F, recombinant offspring
carry a chromosome that is the product of a crossover. (Note: Crossing over does not occur during sperm formation in Drosophila, which

is unusual among eukaryotes. Therefore, the heterozygote in a testcross involving Drosophila must be the female.)

CONCEPT CHECK: When and in which fly or flies did crossing over occur in order to produce the F, recombinant offspring?
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generation. This cross concerns two linked genes affecting bristle
length and body color in fruit flies. The dominant (wild-type) alleles
are s (long bristles) and e* (gray body), and the recessive alleles are
s (short bristles) and e (ebony body). Because the parental generation
is true-breeding, the experimenter knows the arrangement of linked
alleles. In one parent, s* is linked to e¢*, and in the other parent, s is
linked to e. Therefore, in the F, offspring, we know that the s* and e*
alleles are located on one chromosome and the corresponding s and
e alleles are located on the homologous chromosome. In the test-
cross, the F; heterozygote is crossed to an individual that is homozy-
gous for the recessive alleles of the two genes (ssee).

Now let’s take a look at the four possible types of F, off-
spring. Their phenotypes are long bristles, gray body; short bris-
tles, ebony body; long bristles, ebony body; and short bristles,
gray body. All four types of F, offspring have inherited a chromo-
some carrying the s and e alleles from their homozygous parent,
which is the blue chromosome shown on the right in each pair of
chromosomes. Focus your attention on the other chromosome.
The offspring with long bristles and gray bodies have inherited a
chromosome carrying the s* and e* alleles from the heterozygous
parent. This chromosome is not the product of a crossover. The
offspring with short bristles and ebony bodies have inherited a
chromosome carrying the s and e alleles from the heterozygous
parent. Again, this chromosome is not the product of a crossover.

The two types of recombinant F, offspring, however, can be
produced only if crossing over occurred in the region between
these two genes. Those with long bristles and ebony bodies or
short bristles and gray bodies have inherited a chromosome that is
the product of a crossover during oogenesis in the F, female. A
key point for you to observe is that the recombinant offspring of
the F, generation must carry a chromosome that is the product of
a crossover. As noted in Figure 6.8, the recombinant offspring are
fewer in number than are the nonrecombinant offspring.

The amount of recombination can be used as an estimate of
the physical distance between two genes on the same chromo-
some. The map distance is defined as the number of recombinant
offspring divided by the total number of offspring, multiplied by
100. We can calculate the map distance between these two genes
using this formula:

. Number of recombinant offspring
Map distance = - x 100
Total number of offspring
_ 76 + 75 «
537+ 542+ 76+75

= 12.3 map units

100

The units of map distance are called map units (mu), or
sometimes centiMorgans (cM) in honor of Thomas Hunt Morgan.
One map unit is equivalent to 1% recombinant offspring in a test-
cross. In this example, we would conclude that the s and e alleles
are 12.3 mu apart from each other along the same chromosome.

Multiple crossovers set a quantitative limit on the relation-
ship between map distance and the percentage of recombinant off-
spring. Even though two different genes can be on the same
chromosome and more than 50 mu apart, a testcross is expected to
yield a maximum of only 50% recombinant offspring (Figure 6.9).
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FIGURE 6.9 Relationship between the percentage of recom-
binant offspring observed in a testcross and the actual map distance
between genes. The y-axis depicts the percentage of recombinant off-
spring that would be observed in a two-factor testcross. The actual map
distance, shown on the x-axis, is calculated by analyzing the percentages
of recombinant offspring from a series of many two-factor crosses involv-
ing closely linked genes. Even though two genes may be more than 50 mu
apart, the percentage of recombinant offspring will not exceed 50%.
CONCEPT CHECK: What phenomenon explains why the maximum
percentage of recombinant offspring does not exceed 50%?

What accounts for this 50% limit? The answer lies in the pattern of
multiple crossovers. As shown in the figure with question 4 of
More Genetics TIPS at the end of the chapter, a double crossover
between two genes could involve four, three, or two chromatids,
which would yield 100%, 50%, or 0% recombinants, respectively.
Because all of these double crossovers are equally likely, we take
the average of them to determine the maximum value. This average
equals 50%. Therefore, when two different genes are more than
50 mu apart, they follow the law of independent assortment in a
testcross and only 50% recombinants are observed.

GENETIC TIPS THE QUESTION: In the mapping

example in Figure 6.8, the dominant alleles were on one chromosome
and the recessive alleles were on the homolog. Let’s consider a two-
factor cross in which the dominant allele for one gene is on one
chromosome, but the dominant allele for a second gene is on the
homolog. A cross is made between AAbb and aaBB parents. The F,
offspring are AaBb. The F| heterozygotes are then testcrossed to aabb
individuals. Which F, offspring are recombinant?

OPIC: What topic in genetics does this question address?

The topic is linkage and genetic mapping. More specifically, the
question is about identifying recombinant offspring in a two-factor
testcross.

ONFORMATION: What information do you know based on the
question and your understanding of the topic? From the
question, you know that a cross involves an AAbb and aaBB
parental generation, and then the F; heterozygotes are testcrossed
to aabb individuals. From your understanding of the topic, you
may remember that F, recombinant offspring are produced by
crossing over in the F; heterozygotes.



GROBLEM-SOLVING e TRATEGY: Make a drawing. Predict
the outcome. In solving linkage problems, it can be very helpful
to draw the chromosomes in the F; heterozygote and thereby
deduce the possible haploid cells that the F; heterozygote can
produce. Such a drawing is shown below.
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=pH -b
L‘ "A Ha
b'j jb Ba wB Meiosis
A9 8A al a
B B
|
a -

Diploid cell in F,

heterozygote Possible haploid cells

A is initially linked to b, and a is linked to B. If crossing over
occurs in the region between these two genes, this would produce
chromosomes in which A is linked to B and « is linked to b (see
drawing above). All F, offspring will inherit ab from the aabb
parent. The F, nonrecombinant offspring, which are not produced
by a crossover, will inherit Ab or aB from the F; heterozygous
parent. They are Aabb and aaBb. The F, recombinant offspring,
which are produced by a crossover, will inherit AB or ab from the
F, parent. They are AaBb and aabb.

ANSWER: The F, recombinant offspring are those with the
genotypes AaBb and aabb. Note: Some students are surprised to

see that the recombinant offspring in this example have genotypes
that are the same as their parents of the testcross. In this chapter, it is
important to remember that our definition of recombinant offspring
are offspring that have inherited a chromosome that is the product
of a crossover.

Three-Factor Crosses Can Be Used to Determine
the Order and Distance Between Linked Genes

Thus far, we have considered the construction of genetic maps us-
ing two-factor testcrosses to compute map distance. The data from
three-factor crosses can yield additional information about map
distance and gene order. In a three-factor cross, the experimenter
crosses two individuals that differ in three characters. The follow-
ing experiment outlines a common strategy for using three-factor
crosses to map genes. In this experiment, the parental generation
consists of fruit flies that differ in body color, eye color, and wing
shape. We begin with true-breeding lines so we know which
alleles are initially linked to each other on the same chromosome.

Step 1. Cross two true-breeding strains that differ with regard
to three alleles. In this example, we will cross a fly
that has a black body (bb), purple eyes (prpr), and
vestigial wings (vgvg) to a homozygous wild-type fly
with a gray body (b*b"), red eyes (pr*pr*), and long
wings (vg*vg™):
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Parental flies

bb prpr vgvg b*b* priprtvgtvg*t

b pr vg b* pr* vg*
(# T = - - * ) )6.) p
& ). ) ) > = 3 30_J

b pr vg b* pr+ vg*

The goal in this step is to obtain F; individuals that are
heterozygous for all three genes. In the F; heterozygotes,
all dominant alleles are located on one chromosome,
and all recessive alleles are on the other homologous
chromosome.

Step 2. Perform a testcross by mating F; female heterozygotes to
male flies that are homozygous recessive for all three
alleles (bb prpr vgvg).

b*b prtprvgtvg
F, heterozygote

bb prpr vgvg
Homozygous recessive

bt pr* vg* b pr vg

T P TR— (e 3. )40 —
- T . T— (= D - >

b pr vg b pr vg

During gametogenesis in the heterozygous female F,
flies, crossovers may produce new combinations of the
three alleles.

Step 3. Collect data for the F, generation. As shown in

Table 6.1, eight phenotypic combinations are possible.
An analysis of the F, generation flies allows us to map
these three genes. Because each of the three genes exists
as two alleles, we have 23, or 8, possible combinations
of offspring. If these alleles assorted independently, all
eight combinations would occur in equal proportions.
However, we see that the proportions of the eight
phenotypes are far from equal.

The genotypes of the parental generation correspond
to two phenotypes: gray body, red eyes, and long wings;
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TABLE 6.1
Data from a Three-Factor Cross (see step 3)

Number of

Observed

Offspring

(Males and Chromosome Inherited
Phenotype Females) from F, Female
Gray body, red eyes, 411 bt prt vgt
long wings e ) )8
Gray body, red eyes, 61 bt prt vg
vestigial wings (= 1) 0. J >
Gray body, purple 2 bt pr g*
eyes, long wings € ) I;@;j_____,
Gray body, purple 30 bt pr vg
eyes, vestigial wings I P D—" —
Black body, red eyes, 28 b prt vgt
long wings e ). )
Black body, red eyes, 1 b prt vg
vestigial wings a—.ﬁ.lm
Black body, purple 60 pr vgt
eyes, long wings !——m- )
Black body, purple 412 b pr vg
eyes, vestigial wings [ BT ) — — 2
Total 1005

and black body, purple eyes, and vestigial wings. In
crosses involving linked genes, the nonrecombinant
phenotypes occur most frequently in the offspring.
The remaining six phenotypes in the F, generation,
which are due to crossing over, are recombinants.

The double crossover is always expected to cause
the least frequent category of offspring. Two of the
phenotypes—agray body, purple eyes, and long wings;
and black body, red eyes, and vestigial wings—arose
from a double crossover between two pairs of genes.
Also, the combination of traits involved in the double
crossover tells us which gene is in the middle along the
chromosome. When a chromatid undergoes a double
crossover, the gene in the middle becomes separated
from the other two genes at either end.

bt pr* _u_b*__pr vg.+ -
B I R 3 I :
i
= D) 4 (S B B PR S—
b pr vg b prt vg

In the double-crossover categories of offspring, the re-
cessive purple eye allele is separated from the other two
recessive alleles. In the testcross, this yields flies with
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Step 4.

Step 5.

either gray bodies, purple eyes, and long wings or black
bodies, red eyes, and vestigial wings. This observation
indicates that the gene for eye color lies between the
genes for body color and wing shape.

Calculate the map distance between pairs of genes. To
do this, we need to understand which allele combinations
are recombinant and which are nonrecombinant. The re-
combinant offspring are due to crossing over in the het-
erozygous female parent. If you look back at step 2, you
can see the arrangement of alleles in the heterozygous
female parent in the absence of crossing over. Let’s
consider this arrangement with regard to gene pairs:

b* is linked to pr*, and b is linked to pr
pr*is linked to vg*, and pr is linked to vg
b* is linked to vg*, and b is linked to vg

With regard to body color and eye color, the recombinant
offspring have gray bodies and purple eyes (2 + 30) or
black bodies and red eyes (28 + 1). As shown along the
right side of Table 6.1, these offspring were produced by
crossovers in the female parents. The total number of
these recombinant offspring is 61. The map distance
between the body color and eye color genes is

Map distance = X 100 = 6.1 mu

61
944 + 61
With regard to eye color and wing shape, the recombi-
nant offspring have red eyes and vestigial wings (61 + 1)
or purple eyes and long wings (2 + 60). The total num-
ber is 124. The map distance between the eye color and
wing shape genes is

124

= L 100=12,
881 + 124 < 100=12.3mu

Map distance =

With regard to body color and wing shape, the recombi-
nant offspring have gray bodies and vestigial wings

(61 + 30) or black bodies and long wings (28 + 60).
The total number is 179. The map distance between the
body color and wing shape genes is

179

T 100=1738
826 + 179 m

Map distance =

Construct the map. Based on the map unit calculation,
the body color (b) and wing shape (vg) genes are farthest
apart. The eye color gene (pr) must lie in the middle. As
mentioned earlier, this order of genes is also confirmed
by the pattern of traits found in the double crossovers.
To construct the map, we use the distances between the
genes that are closest together.




In our example, we have placed the body color gene first
and the wing shape gene last. The data also are consistent
with a map in which the wing shape gene comes first
and the body color gene comes last. In detailed genetic
maps, the locations of genes are mapped relative to the
centromere.

You may have noticed that our calculations underestimate the dis-
tance between the body color and wing shape genes. We obtained
a value of 17.8 mu even though the distance seems to be 18.4 mu
when we add together the distance between body color and eye
color genes (6.1 mu) and the distance between eye color and wing
shape genes (12.3 mu). What accounts for this discrepancy? The
answer is double crossovers. If you look at the data in Table 6.1,
the offspring with gray bodies, purple eyes, and long wings and
those with black bodies, red eyes, and vestigial wings are due to a
double crossover. From a phenotypic perspective, these offspring
are nonrecombinant with regard to the body color and wing shape
alleles. Even so, we know they arose from a double crossover be-
tween these two genes. Therefore, we should consider these cross-
overs when calculating the distance between the body color and
wing shape genes. In this case, three offspring (2 + 1) were due to
double crossovers. The number of double crossovers (2 + 1) is
multiplied by 2 and we add this number to our previous value of
recombinant offspring:

179 +22+ 1)

% 100 = 18.4
826 + 179 mu

Map distance =

Interference Can Influence the Number of Double
Crossovers That Occur in a Short Region

In Chapter 2, we used the product rule to determine the probability
that two independent events will both occur. The product rule al-
lows us to predict the expected likelihood of a double crossover,
provided we know the individual probabilities of each single
crossover. Let’s reconsider the data for the three-factor testcross
just described to see if the frequency of double crossovers is what
we would expect based on the product rule. The map distance be-
tween b and pris 6.1 mu and the distance between pr and vg is
12.3 mu. Because map distances are calculated as the percentage
of recombinant offspring, we divide the map distances by 100 to
compute the crossover frequency between each pair of genes. In
this case, the crossover frequency between b and pr is 0.061 and
that between pr and vg is 0.123. The product rule predicts

Expected likelihood of a double crossover =
0.061 x 0.123 = 0.0075, or 0.75%

Expected number of offspring due to a double crossover,
based on a total of 1005 offspring produced =
1005 x 0.0075 = 7.5

In other words, we would expect about 7 or 8 offspring to be pro-
duced as a result of a double crossover. The observed number of
offspring was only 3 (namely, 2 with gray bodies, purple eyes, and
long wings, and 1 with a black body, red eyes, and vestigial wings).
What accounts for the lower number? This lower-than-expected
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value is probably not due to random sampling error. Instead, the
likely cause is a common genetic phenomenon known as positive
interference, in which the occurrence of a crossover in one region
of a chromosome decreases the probability that a second crossover
will occur nearby. In other words, the first crossover interferes
with the ability to form a second crossover in the immediate vicin-
ity. To provide interference with a quantitative value, we first cal-
culate the coefficient of coincidence (C), which is the ratio of the
observed number of double crossovers to the expected number.

Observed number of double crossovers

" Expected number of double crossovers
Interference (/) is expressed as
I=1-C

For the data from the three-factor testcross, the observed number
of crossovers is 3 and the expected number is 7.5, so the coeffi-
cient of coincidence equals 3/7.5 = 0.40. In other words, only
40% of the expected number of double crossovers was actually
observed. The value for interference equals 1 — 0.4 = 0.60, or
60%. This means that 60% of the expected number of crossovers
did not occur. Because / has a positive value here, this is called
positive interference. Although the molecular mechanisms that
cause interference are not entirely understood, the number of
crossovers in most organisms is regulated so that very few occur
per chromosome.

6.3 COMPREHENSION QUESTIONS

Answer the multiple-choice questions based on the following crosses:

Parental generation: True-breeding flies with red eyes and long wings
were crossed to flies with white eyes and miniature wings. All F; off-
spring had red eyes and long wings.

The F, female flies were then crossed to males with white eyes and min-
iature wings. The following results were obtained for the F, generation:

129 red eyes, long wings
133 white eyes, miniature wings
71 red eyes, miniature wings
67 white eyes, long wings
1. What is/are the phenotype(s) of the recombinant offspring of the
F, generation?
a. Red eyes, long wings
b. White eyes, miniature wings
c. Red eyes, long wings and white eyes, miniature wings
d. Red eyes, miniature wings and white eyes, long wings

2. The recombinant offspring of the F, generation were produced
by crossing over that occurred
a. during spermatogenesis in the parental generation males.

b. during oogenesis in the parental generation females.
. during spermatogenesis in the F; males.
d. during oogenesis in the F, females.
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3. What is the map distance between the two genes for eye color
and wing length?
a. 32.3mu
b. 34.5mu
c. 16.2mu
d. 17.3mu

6.4 GENETIC MAPPING IN

HAPLOID EUKARYOTES

Learning Outcomes:

1. Explain the experimental advantage of genetic mapping
of fungi.

2. Calculate the map distance between genes in fungi using
tetrad analysis.

Before ending our discussion of genetic mapping, let’s consider
how species of simple eukaryotes, which spend most of their life
cycle in the haploid state, have also been used in genetic map-
ping studies. The sac fungi, called ascomycetes, have been par-
ticularly useful to geneticists because of their unique style of
sexual reproduction.

Fungi may be unicellular or multicellular organisms.
Fungal cells are typically haploid (1n) and can reproduce
asexually. In addition, fungi can also reproduce sexually by
the fusion of two haploid cells to create a diploid zygote (2n)
(Figure 6.10). The diploid zygote then proceeds through
meiosis to produce four haploid cells, which are called spores.
This group of four spores is known as a tetrad (not to be
confused with a tetrad of four sister chromatids). In some spe-
cies, meiosis is followed by a mitotic cell division to produce
an octad.

In ascomycete fungi, the cells of a tetrad or octad are con-
tained within a sac, which is called an ascus (plural: asci). In other
words, the products of a single meiotic division are contained
within one sac. This mode of reproduction does not occur in other
eukaryotic groups.

An experimenter can conduct a two-factor cross, remove
the spores from each ascus, and determine the phenotypes of the
spores. This analysis can determine if two genes are linked or
assort independently. If two genes are linked, a tetrad analysis can
also be used to compute map distance.

Figure 6.11 illustrates the possible outcomes starting with
two haploid strains of yeast (Saccharomyces cerevisiae). One
strain carries the wild-type alleles ura* and arg®, which are re-
quired for uracil and arginine biosynthesis, respectively. The other
strain has defective alleles ura-2 and arg-3; these result in yeast
strains that require uracil and arginine in the growth medium. A
diploid zygote with the genotype ura*ura-2 arg*arg-3 was pro-
duced from the fusion of haploid cells from these two strains.
The diploid cell then proceeded through meiosis to produce four
haploid cells. Upon completion of meiosis, three distinct types of
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Haploid cell (1n)

|
|

Diploid zygote (2n)
lChromosome

Haploid cell (1n)

replication

/

Tetrad of haploid (1n)
spores contained within an ascus

/

Mitosis
(only certain species)

Spore ﬂ

Octad of haploid (1n) spores contained
within an ascus

FIGURE 6.10 Sexual reproduction in ascomycetes. For
simplicity, this diagram shows each haploid cell as having only one
chromosome per haploid set. However, fungal species actually have
several chromosomes per haploid set. In some species of fungi, meiosis
is followed by a mitotic division to produce eight spores.



FIGURE 6.11 The possible
assortment of two genes in a tetrad.
If the tetrad consists of 100% nonre-
combinant cells, the yeast ascus has
the parental ditype (PD). If the tetrad has 50% non-
recombinant and 50% recombinant cells, the ascus
is a tetratype (T). Finally, an ascus with 100%
recombinant cells is called a nonparental ditype
(NPD). This figure does not illustrate the chromo-
somal locations of the alleles. In this type of
experiment, the goal is to determine whether the
two genes are linked on the same chromosome and,
if they are linked, how far apart they are.

INTERACTIVE
EXERCISE

Possible asci:

Parental ditype (PD)
2 uratarg*: 2 ura-2 arg-3

tetrads can result. One possibility is that the tetrad will contain
four haploid cells (spores) with nonrecombinant arrangements of
alleles. This ascus is said to have the parental ditype (PD). Alter-
natively, an ascus may have two nonrecombinant cells and two
recombinant cells, which is called a tetratype (T). Finally, an as-
cus with a nonparental ditype (NPD) contains four cells with
recombinant genotypes.

When two genes assort independently, the number of asci
having a parental ditype is expected to equal the number having a
nonparental ditype, thus yielding 50% recombinant spores. For
linked genes, Figure 6.12 illustrates the relationship between
crossing over and the type of ascus that will result. If no crossing
over occurs in the region between the two genes, the parental di-
type will be produced (Figure 6.12a). A single crossover event
produces a tetratype (Figure 6.12b). Double crossovers can yield a
parental ditype, a tetratype, or a nonparental ditype, depending on
the combination of chromatids that are involved (Figure 6.12c). A
nonparental ditype is produced when a double crossover involves
all four chromatids. A tetratype results from a three-chromatid
crossover. Finally, a double crossover between the same two chro-
matids produces the parental ditype.

The data from a tetrad analysis can be used to calculate the
map distance between two linked genes. As in conventional map-
ping, the map distance is calculated as the percentage of offspring
that carry recombinant chromosomes. As mentioned, a tetratype
contains 50% recombinant chromosomes, and a nonparental ditype,
100%. Therefore, the map distance is computed as

NPD + (1/2)(T)

Map dist: = x 100
ap distance total number of asci

Haploid cell X
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Haploid cell

Diploid zygote
i Meiosis

Tetratype (T)
1ura*arg*:1ura-2 arg-3:
1ura*arg-3:1ura-2 arg*

Nonparental ditype (NPD)
2 uratarg-3: 2 ura-2 arg*

Over short map distances, this calculation provides a fairly
reliable measure of the distance. However, it does not adequately
account for double crossovers. When two genes are far apart on
the same chromosome, the map distance calculated using this
equation underestimates the actual map distance due to double
crossovers. Fortunately, a particular strength of tetrad analysis is
that we can derive another equation that accounts for double
crossovers, thereby providing a more accurate value for map dis-
tance. To begin this derivation, let’s consider a more precise way
to calculate map distance.

Single crossover tetrads +
(2) (Double crossover tetrads)
Total number of asci

Map distance = x 0.5 x 100

This equation includes the number of single and double crossovers
in the computation of map distance. The total number of cross-
overs equals the number of single crossovers plus two times the
number of double crossovers. Overall, the tetrads that contain
single and double crossovers also contain 50% nonrecombinant
chromosomes. To calculate map distance, therefore, we divide the
total number of crossovers by the total number of asci and multi-
ply by 0.5 and 100.

To be useful, we need to relate this equation to the number
of parental ditypes, nonparental ditypes, and tetratypes that are
obtained by experimentation. To derive this relationship, we
must consider the types of tetrads produced from no crossing
over, a single crossover, and double crossovers. To do so, let’s
take another look at Figure 6.12. As shown there, the parental
ditype and tetratype are ambiguous. The parental ditype can be
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Tetratype

Involving 3 chromatids

(c) Double crossovers

derived from no crossovers or a double crossover; the tetratype
can be derived from a single crossover or a double crossover.
However, the nonparental ditype is unambiguous, because it can
be produced only from a double crossover. We can use this ob-
servation as a way to determine the actual number of single and
double crossovers. As seen in Figure 6.12, 1/4 of all the double
crossovers are nonparental ditypes. Therefore, the total number
of double crossovers equals four times the number of nonparental

ditypes (4NPD).

Parental ditype

Involving 2 chromatids

T — 2NPD.

FIGURE 6.12 Relation-
ship between crossing over and
the production of parental
ditype, tetratype, or nonparental
ditype for two linked genes.
Note: For part (c), the outcome
assumes that the crossover on the
left (labeled 1) occurred before
the crossover on the right

(labeled 2).

Next, we need to know the number of single crossovers. A
single crossover yields a tetratype, but double crossovers can
also yield a tetratype. Therefore, the total number of tetratypes
overestimates the true number of single crossovers. Fortunately,
we can compensate for this overestimation. Because two types of
tetratypes are due to a double crossover, the actual number of
tetratypes arising from a double crossover should equal 2NPD.
Therefore, the true number of single crossovers is calculated as



Now we have accurate measures of both single and double
crossovers. The number of single crossovers equals T — 2NPD,
and the number of double crossovers equals 4NPD. We can substi-
tute these values into our previous equation.

(T — 2NPD) + (2)(4NPD)
Total number of asci

_ T + 6NPD
"~ Total number of asci

Map distance = x 0.5 x 100

x 0.5 x 100

This equation provides a more accurate measure of map distance
because it considers both single and double crossovers.

6.4 COMPREHENSION QUESTIONS

1. Atetrad of spores in an ascus is the product of
a. one meiotic division.

b. two meiotic divisions.
c. one meiotic division followed by one mitotic division.
d. one mitotic division followed by one meiotic division.

2. One yeast strain carries the alleles lys* and arg’, whereas an-
other strain has lys-3 and arg-2. The two strains were crossed to
each other, and an ascus obtained from this cross has four
spores with the following genotypes: lys* arg™, lys™ arg-2, lys-3
arg™, and lys-3 arg 2. This ascus has
a. a parental ditype.

b. atetratype.
c. anonparental ditype.
d. either a tetratype or a nonparental ditype.

6.5 MITOTIC RECOMBINATION

Learning Outcome:

1. Describe the process of mitotic recombination and explain
how it can produce a twin spot.

Thus far, we have considered how the arrangement of linked al-
leles along a chromosome can be rearranged by crossing over.
This event produces cells and offspring with a recombinant pat-
tern of traits. In these cases, crossing over has occurred during
meiosis, when the homologous chromosomes replicate and form
bivalents.

In multicellular organisms, the union of egg and sperm is
followed by many cellular divisions, which occur in conjunc-
tion with mitotic divisions of the cell nuclei. As discussed in
Chapter 3, mitosis normally does not involve the homologous
pairing of chromosomes to form bivalents. Therefore, crossing
over during mitosis is expected to occur much less frequently
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than during meiosis. Nevertheless, it does happen on rare oc-
casions. Mitotic crossing over may produce a pair of recombi-
nant chromosomes that have a new combination of alleles, an
event known as mitotic recombination. If it occurs during an
early stage of embryonic development, the daughter cells con-
taining one recombinant chromosome and one nonrecombi-
nant chromosome will continue to divide many times to
produce a patch of tissue in the adult. This may result in a
portion of tissue with characteristics different from those of
the rest of the organism.

In 1936, Curt Stern identified unusual patches on the bod-
ies of certain Drosophila strains. He was working with strains
carrying X-linked alleles affecting body color and bristle mor-
phology (Figure 6.13). A recessive allele confers yellow body
color (y), and another recessive allele causes shorter body bris-
tles that look singed (sn). The corresponding wild-type alleles
result in gray body color (y*) and long bristles (sn"). Females
that are y*y sn"sn are expected to have gray body color and long
bristles. This was generally the case. However, when Stern care-
fully observed the bodies of these female flies under a low-power
microscope, he occasionally noticed places in which two adja-
cent regions were phenotypically different from each other and
also different from the rest of the body. Such a place is called a
twin spot. Stern concluded that twin spotting was too frequent to
be explained by the random positioning of two independent sin-
gle spots that happened to occur close together. How then did he
explain the phenomenon of twin spotting? He proposed that twin
spots are due to a single mitotic recombination within one cell
during embryonic development.

As shown in Figure 6.13, the X chromosomes of the fertil-
ized egg were y* sn and y sn*. During development, a rare cross-
over occurred during mitosis to produce two adjacent daughter
cells that were y*y* snsn and yy sn*sn*. As embryonic develop-
ment proceeded, the cell on the left continued to divide to pro-
duce many cells, eventually producing a patch on the body that
had gray color with singed bristles. The daughter cell next to it
produced a patch of yellow body color with long bristles. These
two adjacent patches—a twin spot—were surrounded by cells
that were y*y sn*sn and had gray color and long bristles. Twin
spots provide evidence that mitotic recombination occasionally
occurs.

6.5 COMPREHENSION QUESTION

1. The process of mitotic recombination involves the

a. exchange of chromosomal regions between homologs
during gamete formation.

b. exchange of chromosomal regions between homologs
during the division of somatic cells.

c. reassortment of alleles that occurs at fertilization.

d. reassortment of alleles that occurs during gamete
formation.
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FIGURE 6.13 Mitotic recombination in Drosophila that

X chromosome j produces twin spotting.
composition off™y+ y Genes—Traits In this illustration, the genotype of the fertilized *
fertiized egg (R . enes—Traits In this illustration, the genotype of the fertilized egg was y*y

sn*sn. During development, a mitotic crossover occurred in a single embryonic
cell. After mitotic crossing over, the separation of the chromatids occurred, so
one embryonic cell became y*y* snsn and the adjacent sister cell became yy
sn*sn*. The embryonic cells then continued to divide by normal mitosis to
produce an adult fly. The cells in the adult that were derived from the y*y*
snsn embryonic cell produced a spot on the adult body that was gray and had
singed bristles. The cells derived from the yy sn*sn™ embryonic cell produced
an adjacent spot on the body that was yellow and had long bristles. In this

case, mitotic recombination produced an unusual trait known as a twin spot.
The two adjacent regions within the twin spot differed from each other and
also differed from the surrounding tissue, which was gray with long bristles.
CONCEPT CHECK: Does mitotic recombination occur in a gamete (sperm or

Normal mitotic divisions
to produce embryo

egg cell) or in a somatic cell?

Rare mitotic recombination
in one embryonic cell
Sister
chromatids
i ‘ -y oy
sn* sn |
| | k
/ Mitotic
crossover
Subsequent separation /

of sister chromatids

Cytokinesis produces 2
adjacent cells

sn* sn*

Continued normal mitotic
divisions to produce adult fly
with a twin spot

AR
Short bristles Long bristles
Gray body Yellow body
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KEY TERMS

Introduction: genetic map 6.3: genetic mapping, locus, genetic linkage map, testcross, map
6.1: synteny, genetic linkage, linkage groups, two-factor cross, distance, map unit (mu), centiMorgan (cM), positive interference
three-factor cross 6.4: spores, tetrad, ascus (asci), parental ditype (PD), tetratype (T),
6.2: crossing over, bivalent, recombinant, nonrecombinant, genetic nonparental ditype (NPD)
recombination, recombinant offspring, null hypothesis 6.5: mitotic recombination
6.1 Overview of Linkage 6.3 Genetic Mapping in Plants and Animals
e Synteny occurs when two or more genes are located on the e A genetic linkage map is a diagram that portrays the order and
same chromosome. Genetic linkage means that the alleles of relative spacing of genes along one or more chromosomes (see
two or more genes tend to be transmitted as a unit because they Figure 6.7).
are relatively close together on the same chromosome. e A testcross can be performed to map the distance between two
e Bateson and Punnett discovered the first example of genetic or more genes (see Figure 6.8).
linkage in sweet peas (see Figure 6.1). e Due to the effects of multiple crossovers, the map distance be-
tween two genes obtained from a testcross cannot exceed 50%
6.2 Relationship Between Linkage (see Figure 6.9).

The data from a three-factor cross can be used to map the three
genes (see Table 6.1).

e Positive interference refers to the phenomenon in which a
crossover in a given region of a chromosome decreases the
probability that another crossover will occur nearby.

and Crossing Over

e Crossing over during meiosis can alter the pattern of linked
alleles along a chromosome (see Figure 6.2).

Morgan discovered genetic linkage in Drosophila and proposed
that recombinant offspring are produced when crossing over
occurs during meiosis (see Figures 6.3, 6.4). 6.4 Genetic Mapping in Haploid Eukaryotes
When genes are linked, the relative proportions of recombi-
nant offspring depend on the distance between the genes (see
Figure 6.5).

A chi square analysis can be carried out to judge whether two
genes assort independently.

The studies of Creighton and McClintock and those of Stern
were able to correlate the formation of recombinant offspring 6.5 Mitotic Recombination
with the presence of chromosomes that had exchanged pieces
due to crossing over (see Figure 6.6).

* Haploid eukaryotes have been used in genetic mapping. Asco-
mycetes have haploid cells that are the product of a single mei-
osis contained with an ascus (see Figure 6.10).

e The analysis of tetrads in yeast asci is used to map the distance
between two linked genes (see Figures 6.11, 6.12).

e Mitotic recombination occurs on rare occasions and may pro-
duce twin spots (see Figure 6.13).
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MORE GENETIC TIPS 1.1 the garden pea, orange A. Conduct a chi square analysis to see if these two genes are linked.
pods (orp) are recessive to green pods (Orp), and sensitivity to pea B. If they are linked, calculate the map distance between the two
mosaic virus (mo) is recessive to resistance to the virus (Mo). A plant genes.
with orange pods and sensitivity to the virus was crossed to a true-
breeding plant with green pods and resistance to the virus. The F; 00p|c; What topic in genetics does this question address?
plants were then testcrossed to plants with orange pods and The topic is linkage. More specifically, the aim of the question
sensitivity to the virus. The following results were obtained: is to determine if the outcome of a testcross is consistent with

160 orange pods, virus-sensitive linkage or independent assortment.
165 green pods, virus-resistant 0 NFORMATION: What information do you know based on
36 orange pods, virus-resistant the question and your understanding of the topic? From

the question, you know the outcome of a two-factor cross and a
subsequent testcross. From your understanding of the topic, you
400 total may remember that linked genes do not independently assort.

39 green pods, virus-sensitive
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A chi square analysis can be used to evaluate whether two genes
are likely to be linked. You may also recall the equation for
calculating map distance if two genes are linked.

(D rosLem-sowving () TRATEGY: Propose a hypothesis.
predict the outcome. Analyze data. Make a calculation.
To answer part A of this question, one strategy is to follow the four
steps of a chi square analysis, which are described in Section 6.2.

Step 1. Propose a hypothesis. In this case, your hypothesis is that the
genes are not linked. This allows you to predict the outcome of the
testcross based on independent assortment.

Step 2. Based on the hypothesis, calculate the expected value of each of
the four phenotypes. The testcross is

F
T a A
Orp tmel  tuw# OIp Oorp tum e OFPD
|
X
MO tm#d  tmw# MmO mo ks lm# MO
\J \ \
> & cj

\J \J
This testcross predicts a 1:1:1:1 ratio of the four phenotypes. In other
words, 1/4 of the offspring should have the phenotype orange pods, virus-
sensitive; 1/4, green pods, virus-resistant; 1/4, orange pods, virus-resistant;
and 1/4 green pods, virus-sensitive. Because a total of 400 offspring
were produced, your hypothesis predicts 100 offspring in each category.

Step 3. Apply the chi square formula, using the data for the observed
values (O) and the expected values (E) that have been calculated in
step 2. In this case, the data consist of four phenotypes.

_ (01 - El)z (02 - Ez)2 (03 - E3)2 (04 - E4)2
~E E, N E, E,

_ (160 - 100)? N (165 — 100)? N (36 — 100)? N (39 — 100)?
B 100 100 100 100

Y =36+4234+41+372=1565

2

2

Step 4. Interpret the calculated chi square value. The calculated chi
square value is quite large. This indicates that the deviation between
observed and expected values is very high. For 1 degree of freedom in
Table 2.1, such a large deviation is expected to occur by chance alone
less than 1% of the time. Therefore, we reject the hypothesis that the
genes assort independently. As an alternative, we may infer that the
two genes are linked.

Use the equation given in Section 6.3 to calculate the map distance
between the two genes:

(Number of recombinant offspring)

Map dist = x 100
ap distanee Total number of offspring
36 + 39
= 100
36 + 39 + 160 + 165
= 18.8 mu
ANSWER:

A. We reject the hypothesis that the genes are not linked.

B. The genes are approximately 18.8 mu apart.
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2. Two recessive traits in mice—droopy ears and flaky tail—are
caused by genes that are located 6 mu apart on the same chromosome.
A true-breeding mouse with normal ears (De) and a flaky tail ( f7)
was crossed to a true-breeding mouse with droopy ears (de) and a
normal tail (F7). The F, offspring were then crossed to mice with
droopy ears and flaky tails. If this testcross produced 100 offspring,
what is the expected outcome of phenotypes?

OPIC: What topic in genetics does this question address?
The topic is linkage. More specifically, the aim of the question is
to predict the outcome of a testcross when you know the distance
between two linked genes.

o NFORMATION: What information do you know based on
the question and your understanding of the topic? From the
question, you know that two genes are 6 mu apart on the same
chromosome. You also know the phenotypes of the F; offspring.
From your understanding of the topic, you may remember that the
map distance is a measure of the percentage of recombinant offspring.

GROBLEM-SOLVING TRATEGY: Make a drawing. Predict
the outcome. Make a calculation. In solving linkage problems, it
can be very helpful to make a drawing of the chromosomes to help
you distinguish the recombinant and nonrecombinant offspring. The
recombinant offspring are produced by a crossover in the F; parent.
The testcross is shown below, with the F; parent on the left side.

De tm# tw#de

ft el o Ft

S o

If the F; parent transmits a chromosome that is not the product of the
crossover, the nonrecombinant offspring are

Dede fift
dede Ftft

Alternatively, if a crossover occurs in the region between these two
genes, the recombinant offspring are

dede fift droopy ears, flaky tail
Dede Ftft  normal ears, normal tail

normal ears, flaky tail
droopy ears, normal tail

Note: In this testcross, both dominant alleles were not on the same chro-
mosome in the F; parent. This is different from many of the previous
problems. Crossing over produces chromosomes in which one chromo-
some carries both dominant alleles and the other carries both recessive
alleles. Because the two genes are located 6 mu apart on the same
chromosome, 6% of the offspring will be recombinants.

ANSWER: The expected outcome of phenotypes for 100 offspring is

3 droopy ears, flaky tail

3 normal ears, normal tail
47 normal ears, flaky tail
47 droopy ears, normal tail



3. The following X-linked recessive traits are found in fruit flies:
vermilion eyes are recessive to red eyes, miniature wings are recessive
to long wings, and sable body is recessive to gray body. A cross was
made between wild-type males with red eyes, long wings, and gray
bodies and females with vermilion eyes, miniature wings, and sable
bodies. The heterozygous female offspring from this cross, which
had red eyes, long wings, and gray bodies, were then crossed to
males with vermilion eyes, miniature wings, and sable bodies. The
following data were obtained for the F, generation (including both
males and females):

1320 vermilion eyes, miniature wings, sable body
1346 red eyes, long wings, gray body
102 vermilion eyes, miniature wings, gray body
90 red eyes, long wings, sable body
42 vermilion eyes, long wings, gray body
48 red eyes, miniature wings, sable body
2 vermilion eyes, long wings, sable body
1 red eyes, miniature wings, gray body

A. Calculate the map distances separating the three genes.

B. Is positive interference occurring?

OPIC: What topic in genetics does this question address?
The topic is linkage. More specifically, the aim of the question is
to calculate the map distances separating three linked genes and
to determine if positive interference is occurring.

ONFORMATION: What information do you know based on the
question and your understanding of the topic? From the question,
you know that three different genes are on the X chromosome.
You also know the results of a three-factor testcross. The F,
offspring have all of the dominant alleles on one chromosome
and all of the recessive alleles on another chromosome. (Make a
drawing of the chromosomes in these crosses if this isn’t obvious.)
From your understanding of the topic, you may remember that
the map distance is a measure of the percentage of recombinant
offspring. In a three-factor cross, double crossovers result in the
rarest category of offspring, in which the gene in the middle
becomes separated from the genes at the ends.

(DrosLem-soving EJ TRATEGY: Analyze data. Make a
drawing. Make a calculation. The first step is to analyze the data
and make a drawing that describes the order of the three genes.
You can do this by evaluating the pattern of inheritance for the
double crossovers. The double crossovers occur with the lowest
frequency. Thus, the double crossovers produced vermilion eyes,
long wings, sable body and red eyes, miniature wings, gray body.
Compared with the nonrecombinant patterns of alleles (vermilion
eyes, miniature wings, sable body and red eyes, long wings, gray
body), the gene for wing length has been reassorted. Two flies
have long wings associated with vermilion eyes and sable body,
and one fly has miniature wings associated with red eyes and
gray body. Taken together, these results indicate that the wing
length gene is found in between the eye color and body color
genes.

v m S
—_—
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You can now calculate the distance between the genes for eye color and
wing length and between those for wing length and body color. To do
this, you can consider the data on numbers of offspring according to
gene pairs, first for eye color and wing length:

vermilion eyes, miniature wings = 1320 + 102 = 1422

red eyes, long wings = 1346 + 90 = 1436

vermilion eyes, long wings =42 + 2 =44

red eyes, miniature wings =48 + 1 =49
The recombinants are vermilion eyes, long wings and red eyes, miniature
wings. The map distance between these two genes is

(44 +49)/(1422 + 1436 + 44 + 49) x 100 = 3.2 mu

Likewise, for the other gene pair of wing length and body color, the
numbers of offspring are:

miniature wings, sable body = 1320 + 48 = 1368
long wings, gray body = 1346 + 42 = 1388
miniature wings, gray body = 102 + 1 = 103
long wings, sable body =90 + 2 =92

The recombinants are miniature wings, gray body and long wings, sable
body. The map distance between these two genes is

(103 +92)/(1368 + 1388 + 103 + 92) x 100 = 6.6 mu
The genetic map is shown in the answer.

To calculate the interference value, you must first calculate the coefficient
of coincidence.

Observed number of double crossovers

"~ Expected number of double crossovers

Based on your calculation of map distances, the percentages of single
crossovers equal 3.2% (0.032) and 6.6% (0.066). The expected number
of double crossovers equals 0.032 x 0.066, which is 0.002, or 0.2%.

A total of 2951 offspring were produced. If you multiply 2951 x 0.002,
you get 5.9, which is the expected number of double crossovers. The
observed number was 3. Therefore,

C=3/59=0.51
I=1-C=1-0.51=049, or49%

ANSWER:

A. The genetic map shown below is consistent with these data:

3.2 r . Y
I'—l—\
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B. Approximately 49% of the expected double crossovers did not
occur due to positive interference.

4. As described in Figure 6.9, a limit exists in the relationship
between map distance and the percentage of recombinant offspring.
Even though two genes on the same chromosome may be much
more than 50 mu apart, we do not expect to obtain greater than 50%
recombinant offspring in a testcross. You may be wondering why
this is so. The answer lies in the pattern of multiple crossovers.

At the pachytene stage of meiosis, a single crossover in the region
between two genes produces only 50% recombinant chromosomes
(see Figure 6.2b). Therefore, to exceed a 50% recombinant level, it
would seem necessary to have multiple crossovers within a bivalent.
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Let’s suppose that two genes are far apart on the same chromosome.
A testcross is made between a heterozygous individual, AaBb, and a
homozygous individual, aabb. In the heterozygous individual, the
dominant alleles (A and B) are linked on the same chromosome, and
the recessive alleles (a and b) are linked on the same chromosome.
What are all of the possible double crossovers (between two, three,
or four chromatids)? What is the average number of recombinant
offspring, assuming an equal probability of occurrence for all of the
double crossovers?

OPIC: What topic in genetics does this question address?
The topic is linkage. More specifically, the aim of the question is
to determine how double crossovers affect the maximum map
distance in a testcross.

o NFORMATION: What information do you know based on the
question and your understanding of the topic? In the question,
you are reminded that the maximum percentage of recombinant
offspring in a testcross is 50%. From your understanding of the
topic, you may remember that the map distance is a measure of
the percentage of recombinant offspring, which are produced by
crossing over.

QROBLEM-SOLVING TRATEGY: Make a drawing. Predict
the outcome. Make a calculation. One strategy to solve this
problem is to make a drawing that shows how the sister chromatids
within a bivalent could cross over. A double crossover affecting
the two genes could involve two chromatids, three chromatids, or
four chromatids. From the drawing, you should be able to predict
the outcome of the different types of double crossovers, and then
calculate the average percentage.

ANSWER: A double crossover between the two genes could involve
two chromatids, three chromatids, or four chromatids. The possibili-
ties for all types of double crossovers are as follows:

A B A b

St I R—

A b 100%
a B recombinants

Double crossover (involving 4 chromatids)
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50%
recombinants

A B - A B
—— _8.-1 3
- A b 50%
a B recombinants

a b

Double crossover (involving 3 chromatids)

—;i

0%
recombinants

Overall average
is 50% for all
4 possibilities.

Double crossover (involving 2 chromatids)

This drawing considers two crossovers that occur in the region between
the two genes. Because a bivalent is composed of two pairs of homo-
logs, a double crossover between homologs could occur in several pos-
sible ways. In this illustration, the crossover on the right has occurred
first. Because all of these double crossovers are equally probable, we
take the average of them to determine the maximum number of recombi-
nants. This average equals 50%.

Conceptual Questions

C1. What is the difference in meaning between the terms genetic
recombination and crossing over?

C2. When a chi square analysis is applied to solve a linkage problem,
explain why an independent assortment hypothesis is proposed.

C3. What is mitotic recombination? A heterozygous individual (Bb)
with brown eyes has one eye with a small patch of blue. Provide

two or more explanations for how the blue patch may have occurred.

C4. Mitotic recombination can occasionally produce a twin spot.
Let’s suppose an animal species is heterozygous for two genes

that govern fur color and length: one gene affects pigmentation,
with dark pigmentation (A) dominant to albino (a); the other gene
affects hair length, with long hair (L) dominant to short hair (/).
The two genes are linked on the same chromosome. Let’s assume an
animal of this species is AaLl; A is linked to /, and a is linked to L.
Draw the chromosomes labeled with these alleles, and explain
how mitotic recombination could produce a twin spot with one
spot having albino pigmentation and long fur and the other having
dark pigmentation and short fur.
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A crossover has occurred in the bivalent shown here.

3
A
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b

a

If a second crossover occurs in the same region between these two
genes, which two chromatids would be involved to produce the
following outcomes?

A. 100% recombinants
B. 0% recombinants
C. 50% recombinants

A crossover has occurred in the bivalent shown here.
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What is the outcome of this single crossover event? If a second
crossover occurs somewhere between A and C, explain which two
chromatids it would involve and where it would occur (i.e., between
which two genes) to produce the chromosomes shown here:

A. ABC, AbC, aBc, and abc
B. Abc, Abc, aBC, and aBC
C. ABc, Abc, aBC, and abC
D. ABC, ABC, abc, and abc

N
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A diploid organism has a total of 14 chromosomes and about
20,000 genes per haploid genome. Approximately how many
genes are in each linkage group?

If you try to throw a basketball into a basket, the likelihood of
succeeding depends on the size of the basket. It is more likely that
you will get the ball into the basket if the basket is bigger. In your
own words, explain how this analogy applies to the idea that the
likelihood of crossing over is greater when two genes are far apart
than when they are close together.

By conducting testcrosses, researchers have found that the sweet
pea has seven linkage groups. How many chromosomes would you
expect to find in leaf cells of the plants?

In humans, a rare dominant disorder known as nail-patella syndrome
causes abnormalities in the fingernails, toenails, and kneecaps.
Researchers have examined family pedigrees with regard to this
disorder and have also examined the blood types of individuals
within each pedigree. (A description of blood genotypes is found
in Chapter 4.) In the following pedigree, individuals affected with
nail-patella disorder are shown with filled symbols. The genotype
of each individual with regard to ABO blood type is also shown.
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Does this pedigree suggest any linkage between the gene that
causes nail-patella syndrome and the gene that causes blood type?

IA1A 18i I8i ii

T4 14 15

. When true-breeding mice with brown fur and short tails (BBfr)
were crossed to true-breeding mice with white fur and long tails
(bbTT), all of the F; offspring had brown fur and long tails. The
F, offspring were crossed to mice with white fur and short tails.
What are the possible phenotypes of the F, offspring? Which F,
offspring are recombinant, and which are nonrecombinant? What
are the ratios of phenotypes of the F, offspring if independent
assortment is taking place? How are the ratios affected by linkage?

C12. Though we often think of genes in terms of the phenotypes they

produce (e.g., curly leaves, flaky tail, brown eyes), the molecular
function of most genes is to encode proteins. Many cellular pro-
teins function as enzymes. The following table gives the map
distances separating pairs of genes for six different genes that
encode six different enzymes: Ada, adenosine deaminase; Hao-1,
hydroxyacid oxidase-1; Hdc, histidine decarboxylase; Odc-2,
ornithine decarboxylase-2; Sdh-1, sorbitol dehydrogenase-1; and
Ass-1, arginosuccinate synthetase-1.

Map distances between two genes:

Ada Hao-1 Hdc Odc-2 Sdh-1 Ass-1

Ada 14 8 28
Hao-1 14 9 14
Hdc 9 15 5
Odc-2 8 15 63
Sdh-1 28 14 5 43
Ass-1 63 43

Construct a genetic map that shows the locations of all six genes.

C13. If the likelihood of a single crossover in a particular chromosomal

region is 10%, what is the theoretical likelihood of a double or triple
crossover in that same region? How would positive interference
affect these theoretical values?

C14. In most two-factor crosses involving linked genes, we cannot tell

if a double crossover between the two genes has occurred because
the offspring will inherit the nonrecombinant pattern of alleles.
How does the inability to detect double crossovers affect the
calculation of map distance? Is map distance underestimated or
overestimated because of our inability to detect double crossovers?
Explain your answer.
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C15. Researchers have discovered that some regions of chromosomes

are much more likely than others to cross over. We might call such
aregion a “hot spot” for crossing over. Let’s suppose that two genes,
gene A and gene B, are 5,000,000 bp apart on the same chromo-
some. Genes A and B are in a hot spot for crossing over. Two other
genes, let’s call them gene C and gene D, are also 5,000,000 bp
apart but are not in a hot spot for recombination. If we conducted

GENETIC LINKAGE AND MAPPING IN EUKARYOTES

Cl1e.

two-factor crosses to compute the map distance between genes A
and B and other two-factor crosses to compute the map distance
between genes C and D, would the calculated map distance
between A and B be the same as that between C and D? Explain.

Describe the unique features of ascomycetes that lend themselves
to genetic analysis.

Experimental Questions (Includes Most Mapping Questions)

EIL.

E2.

E3.

E4.

E5.

E6.

E7.

E8.

E9.

Figure 6.1 shows the first experimental results that indicated link-
age between two different genes. Conduct a chi square analysis to
confirm that the genes are really linked and the data could not be
explained by independent assortment.

In the experiment of Figure 6.6, Stern followed the inheritance
pattern in which females carried two abnormal X chromosomes

to correlate genetic recombination with the physical exchange of
chromosome pieces. Is it necessary to use a strain carrying two
abnormal chromosomes, or could he have used a strain in which
females carried one normal X chromosome and one abnormal X
chromosome with a deletion at one end and an extra piece of the Y
chromosome at the other end?

Explain the rationale behind a testcross. Is it necessary for one of
the parents to be homozygous recessive for the genes of interest?
In the heterozygous parent of a testcross, must all of the dominant
alleles be linked on the same chromosome and all of the recessive
alleles be linked on the homolog?

In your own words, explain why a testcross cannot produce more
than 50% recombinant offspring. When a testcross does produce
50% recombinant offspring, what does this result mean?

Explain why the percentage of recombinant offspring in a testcross
is a more accurate measure of map distance when two genes are
close together. When two genes are far apart, is the percentage of
recombinant offspring an underestimate or overestimate of the
actual map distance?

If two genes are more than 50 mu apart, how would you ever be able to
show experimentally that they are located on the same chromosome?

In Morgan’s three-factor crosses of Figure 6.3, he realized that
crossing over was more frequent between the eye color and wing
length genes than between the body color and eye color genes.
Explain how he determined this.

Two genes are located on the same chromosome and are known to
be 12 mu apart. An AABB individual was crossed to an aabb indi-
vidual to produce AaBb offspring. The AaBb offspring were then
testcrossed to aabb individuals.

A. If the testcross produces 1000 offspring, what are the predicted
numbers of offspring with each of these four genotypes: AaBb,
Aabb, aaBb, and aabb?

B. What would be the predicted numbers of offspring with the
four genotypes if the parental generation had been AAbb and
aaBB instead of AABB and aabb?

Two genes, designated A and B, are located 10 mu from each other.
A third gene, designated C, is located 15 mu from B and 5 mu
from A. The parental generation consisting of AA bb CC and aa
BB cc individuals were crossed to each other. The F; heterozygotes

E10.

E1l.

El2.

were then testcrossed to aa bb cc individuals. If we assume no
double crossovers occur, what percentage of offspring would you
expect with the following genotypes?

A. Aa Bb Cc
B. aa Bb Cc
C. Aa bb cc

Two genes in tomatoes are 61 mu apart; normal fruit () is domi-
nant to fasciated (flattened) fruit ( f)), and normal number of leaves
(Lf) is dominant to leafy (If). A true-breeding plant with normal
leaves and fruit was crossed to a leafy plant with fasciated fruit.
The F, offspring were then crossed to leafy plants with fasciated
fruit. If this cross produced 600 offspring, what are the expected
numbers of plants in each of the four possible categories: normal
leaves, normal fruit; normal leaves, fasciated fruit; leafy, normal
fruit; and leafy, fasciated fruit?

In the tomato, three genes are linked on the same chromosome. Tall
is dominant to dwarf, skin that is smooth is dominant to skin that is
peachy, and fruit with a normal rounded tomato shape is dominant
to oblate (flattened) shape. A plant that is true-breeding for the
dominant traits was crossed to a dwarf plant with peachy skin and
oblate fruit. The F; plants were then testcrossed to dwarf plants with
peachy skin and oblate fruit. The following results were obtained:

151 tall, smooth, normal
33 tall, smooth, oblate
11 tall, peach, oblate
2 tall, peach, normal
155 dwarf, peach, oblate
29 dwarf, peach, normal
12 dwarf, smooth, normal
0 dwarf, smooth, oblate

Construct a genetic map that shows the order of these three genes
and the distances between them.

A trait in garden peas involves the curling of leaves. A two-factor
cross was made by crossing a plant with yellow pods and curling
leaves to a wild-type plant with green pods and normal leaves. All
F, offspring had green pods and normal leaves. The F; plants were
then crossed to plants with yellow pods and curling leaves. The
following results were obtained:

117 green pods, normal leaves
115 yellow pods, curling leaves
78 green pods, curling leaves

80 yellow pods, normal leaves
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A. Conduct a chi square analysis to determine if these two genes
are linked.

B. If they are linked, calculate the map distance between the two
genes. How accurate do you think this calculated distance is?

In mice, the gene that encodes the enzyme inosine triphosphatase
is 12 mu from the gene that encodes the enzyme ornithine decar-
boxylase. Suppose you have identified a strain of mice homozy-
gous for a defective inosine triphosphatase gene that does not
produce any of this enzyme and also homozygous for a defective
ornithine decarboxylase gene. In other words, this strain of mice
cannot make either enzyme. You cross this homozygous recessive
strain to a normal strain of mice to produce heterozygotes. The
heterozygotes are then crossed to the strain that cannot produce
either enzyme. What is the probability of obtaining a mouse that
cannot make either enzyme?

In the garden pea, several different genes affect pod characteristics.

A gene affecting pod color (green is dominant to yellow) is approx-
imately 7 mu away from a gene affecting pod width (wide is domi-
nant to narrow). Both genes are located on chromosome 5. A third
gene, located on chromosome 4, affects pod length (long is domi-
nant to short). A true-breeding wild-type plant (green, wide, long
pods) was crossed to a plant with yellow, narrow, short pods. The
F, offspring were then testcrossed to plants with yellow, narrow,
short pods. If the testcross produced 800 offspring, what are the
expected numbers of the eight possible phenotypic combinations?

A sex-influenced trait is dominant in males and causes bushy tails.
The same trait is recessive in females. Fur color is not sex influ-
enced. Yellow fur is dominant to white fur. A true-breeding female
with a bushy tail and yellow fur was crossed to a white male with-
out a bushy tail (i.e., a normal tail). The F, females were then
crossed to white males without bushy tails. The following results
were obtained:

Males Females

28 normal tails, yellow 102 normal tails, yellow

72 normal tails, white 96 normal tails, white
68 bushy tails, yellow 0 bushy tails, yellow

29 bushy tails, white 0 bushy tails, white

A. Conduct a chi square analysis to determine if these two genes
are linked.

B. If the genes are linked, calculate the map distance between
them. Explain which data you used in your calculation.

Three recessive traits in garden pea plants are as follows: yellow
pods are recessive to green pods, bluish green seedlings are reces-
sive to green seedlings, creeper (a plant that cannot stand up) is
recessive to normal. A true-breeding normal plant with green pods
and green seedlings was crossed to a creeper with yellow pods and
bluish green seedlings. The F, plants were then crossed to creepers
with yellow pods and bluish green seedlings. The following results
were obtained:

2059 green pods, green seedlings, normal

151 green pods, green seedlings, creeper
281 green pods, bluish green seedlings, normal
15 green pods, bluish green seedlings, creeper

2041 yellow pods, bluish green seedlings, creeper
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157 yellow pods, bluish green seedlings, normal
282 yellow pods, green seedlings, creeper
11 yellow pods, green seedlings, normal

Construct a genetic map that indicates the map distances between
these three genes.

In mice, a trait called snubnose is recessive to a wild-type nose, a
trait called pintail is dominant to a normal tail, and a trait called
jerker (a defect in motor skills) is recessive to a normal gait. Jerker
mice with a snubnose and a pintail were crossed to normal mice,
and then the F; mice were crossed to jerker mice that have a snub-
nose and a normal tail. The outcome of this cross was as follows:

560 jerker, snubnose, pintail
548 normal gait, normal nose, normal tail
102 jerker, snubnose, normal tail
104 normal gait, normal nose, pintail

77 jerker, normal nose, normal tail

71 normal gait, snubnose, pintail

11 jerker, normal nose, pintail

9 normal gait, snubnose, normal tail

Construct a genetic map that shows the order of these genes and
distances between them.

In Drosophila, an allele causing vestigial wings is 12.5 mu away
from another allele that causes purple eyes. A third gene that af-
fects body color has an allele that causes black body color. This
third gene is 18.5 mu away from the vestigial wings allele and 6
mu away from the allele causing purple eyes. The alleles causing
vestigial wings, purple eyes, and black body are all recessive.

The dominant (wild-type) traits are long wings, red eyes, and gray
body. A researcher crossed wild-type flies to flies with vestigial
wings, purple eyes, and black bodies. All F; flies were wild type.
F, female flies were then crossed to male flies with vestigial wings,
purple eyes, and black bodies. If 1000 offspring were observed,
what are the expected numbers of the following types of flies?

long wings, red eyes, gray body
long wings, purple eyes, gray body
long wings, red eyes, black body
long wings, purple eyes, black body
short wings, red eyes, gray body
short wings, purple eyes, gray body
short wings, red eyes, black body
short wings, purple eyes, black body

Which types of flies can be produced only by a double crossover
event?

Three autosomal genes are linked along the same chromosome.
The distance between gene A and B is 7 mu, the distance between
B and Cis 11 mu, and the distance between A and C is 4 mu. An
individual that is AA bb CC was crossed to an individual that is aa
BB cc to produce heterozygous F; offspring. The F, offspring were
then crossed to homozygous aa bb cc individuals to produce F,
offspring.

A. Draw the arrangement of the alleles on the chromosomes in the
parents and in the F; offspring.
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B. Where would a crossover have to occur to produce an F, off-
spring that was heterozygous for all three genes?

C. If we assume that no double crossovers occur, what percentage
of F, offspring is likely to be homozygous for all three genes?

Let’s suppose that two different X-linked genes exist in mice, des-
ignated with the letters N and L. Gene N exists in a dominant, nor-
mal allele and in a recessive allele, n, that is lethal. Similarly, gene
L exists in a dominant, normal allele and in a recessive allele, /,
that is lethal. Heterozygous females are normal, but males that
carry either recessive allele are born dead. Explain whether or not
it would be possible to map the distance between these two genes
by making crosses and analyzing the number of living and dead
offspring. You may assume that you have strains of mice in which
females are heterozygous for one or both genes.

The alleles his-5 and lys-1, found in baker’s yeast, result in cells
that require histidine and lysine for growth, respectively. A cross
was made between two haploid yeast strains that are his-5 lys-1

GENETIC LINKAGE AND MAPPING IN EUKARYOTES

and his* Iys*. From the analysis of 818 tetrads, the following
numbers of tetrads were obtained:

2 spores with his-5 lys* + 2 spores with his* Iys-1 = 4
2 spores with his-5 lys-1 + 2 spores with his* lys™ = 502
1 spore with his-5 [ys-1 + 1 spore with his-5 lys* + 1 spore with
his* lys-1 + 1 spore with his* Iys™ = 312
A. Compute the map distance between these two genes using first
the method of calculation that considers double crossovers and

then the one that does not. Which method gives a higher value?
Explain why.

B. What is the frequency of single crossovers between these two
genes?

C. Based on your answer to part B, how many NPDs are expected
from this cross? Explain your answer. Is positive interference
occurring?

Questions for Student Discussion/Collaboration

1.

In mice, a dominant allele that causes a short tail is located on chro-
mosome 2. On chromosome 3, a recessive allele causing droopy
ears is 6 mu away from another recessive allele that causes a flaky
tail. A recessive allele that causes a jerker (uncoordinated) pheno-
type is located on chromosome 4. A jerker mouse with droopy ears
and a short, flaky tail was crossed to a normal mouse. All the F,
generation mice were phenotypically normal, except they had short
tails. These F; mice were then testcrossed to jerker mice with droopy
ears and long, flaky tails. If this testcross produces 400 offspring, what
are the expected numbers of the 16 possible phenotypic categories?

In Chapter 3, we discussed the idea that the X and Y chromosomes
have a few genes in common. These genes are inherited in a pseudo-
autosomal pattern. With this phenomenon in mind, discuss whether
or not the X and Y chromosomes are really distinct linkage groups.

. Mendel studied seven traits in pea plants, and the garden pea hap-

pens to have seven different chromosomes. It has been pointed out
that Mendel was very lucky not to have conducted crosses involv-
ing two traits governed by genes that are closely linked on the same
chromosome because the results would have confounded his law

of independent assortment. It has even been suggested that Mendel
may not have published data involving traits that were linked! An
article by Stig Blixt (“Why Didn’t Gregor Mendel Find Linkage?”
Nature 256:206, 1975) considers this issue. Look up this article and
discuss why Mendel did not find linkage.

Note: All answers appear in Connect; the answers to the even-numbered
questions and all of the Concept Check and Comprehension Questions
are in Appendix B.
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GENETIC TRANSFER AND
MAPPING IN BACTERIA

Thus far, our attention in Part II of this textbook has focused on
genetic analyses of eukaryotic species such as plants and animals.
As we have seen, these organisms are amenable to genetic studies
for two reasons. First, characteristics, such as tall versus dwarf
pea plants and red versus white eyes in Drosophila, provide read-
ily discernible traits for distinguishing individuals. Second, be-
cause most eukaryotic species reproduce sexually, crosses can be
made, and the pattern of transmission of traits from parent to
offspring can be analyzed. The ability to follow allelic differences
in a genetic cross is a basic tool in the genetic examination of
eukaryotic species.

In this chapter, we turn our attention to the genetic analysis
of bacteria. Like their eukaryotic counterparts, bacteria often pos-
sess allelic differences that affect their cellular traits. Common
allelic variations among bacteria involve traits such as sensitivity
to antibiotics and differences in nutrient requirements for growth.

In these cases, the allelic differences are between different strains
of bacteria, because any given bacterium is usually haploid for a
particular gene. Throughout this chapter, we will consider inter-
esting experiments that examine bacterial strains with allelic
differences.

Compared with eukaryotes, a striking difference in bacte-
rial species is their mode of reproduction. Because bacteria re-
produce asexually, researchers do not use crosses in genetic
analyses of bacterial species. Instead, they rely on a similar
mechanism, called genetic transfer, in which a segment of bacte-
rial DNA is transferred from one bacterium to another. In this
chapter, we will explore the different routes of genetic transfer in
bacteria and see how researchers have used genetic transfer to
map the locations of genes along the chromosome of many bac-
terial species. We will also consider the medical relevance of
bacterial genetic transfer.
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7.1 OVERVIEW OF GENETIC

TRANSFER IN BACTERIA

Learning Outcome:

1. Compare and contrast the three mechanisms of genetic
transfer in bacteria.

Genetic transfer is a process by which one bacterium transfers
genetic material to another bacterium. Why is genetic transfer an
advantage? Like sexual reproduction in eukaryotes, genetic transfer

TABLE 7.1

Three Mechanisms of Genetic Transfer Found in Bacteria

GENETIC TRANSFER AND MAPPING IN BACTERIA

in bacteria is thought to enhance the genetic diversity of bacterial
species. For example, a bacterial cell carrying a gene that provides
antibiotic resistance may transfer this gene to another bacterial cell,
allowing that bacterial cell to survive exposure to the antibiotic.
Bacteria can transfer genetic material naturally via three mecha-
nisms (Table 7.1). The first mechanism, known as conjugation, in-
volves a direct physical interaction between two bacterial cells. One
bacterium acts as a donor and transfers genetic material to a recipient
cell. A second means of transfer is called transduction. This occurs
when a virus infects a bacterium and then transfers bacterial genetic
material from that bacterium to another. The last mode of genetic
transfer is transformation. In this case, genetic material is released

Mechanism Description

Donor Recipient

cell cell
Conjugation Requires direct contact between a donor and a recipient cell. The donor cell transfers a strand of DNA to
the recipient. In the example shown here, DNA known as a plasmid is transferred to the recipient cell.
Donor cell Recipient
(infected by cell

a virus)

Transduction

Donor cell Recipient
(dead) cell

Transformation

When a virus infects a donor cell, it incorporates a fragment of bacterial chromosomal DNA into a
newly made virus particle. The virus then transfers this fragment of DNA to a recipient cell, which
f incorporates the DNA into its chromosome by recombination.

When a bacterial cell dies, it releases a fragment of its DNA into the environment. This DNA fragment is
taken up by a recipient cell, which incorporates the DNA into its chromosome by recombination.




into the environment when a bacterial cell dies. This material then
binds to a living bacterial cell, which can take it up. These three
mechanisms of genetic transfer have been extensively investigated in
research laboratories, and their molecular mechanisms continue to be
studied with great interest. In later sections of this chapter, we will
examine these three means of genetic transfer in greater detail.

We will also examine how genetic transfer between bacterial
cells has provided unique ways to accurately map bacterial genes.
The mapping methods described in this chapter have been largely
replaced by molecular approaches described in Chapter 23. Even so,
the mapping of bacterial genes serves to illuminate the mechanisms
by which genes are transferred between bacterial cells and also
helps us to appreciate the strategies of newer mapping approaches.

7.1 COMPREHENSION QUESTION

1. Aform of genetic transfer that involves the uptake of a fragment
of DNA from the environment is called

a. conjugation.
b. transduction.
c. transformation.
d. all of the above.

7.2 BACTERIAL CONJUGATION

Learning Outcomes:

1. Analyze the work of Lederberg and Tatum and that of Davis,
and explain how the data indicated that some strains of bacte-
ria can transfer genetic material via direct physical contact.
Outline the steps of conjugation via F factors.

3. Compare and contrast different types of plasmids.

N

As described briefly in Table 7.1, conjugation involves the direct
transfer of genetic material from one bacterial cell to another. In
this section, we will examine the steps in this process at the mo-
lecular and cellular levels.

Bacteria Can Transfer Genetic Material
During Conjugation

The natural ability of one bacterial cell to transfer genetic material
to another bacterial cell was first recognized by Joshua Lederberg
and Edward Tatum in 1946. They were studying strains of Esche-
richia coli that had different nutritional requirements for growth. A
minimal medium is a growth medium that contains the essential
nutrients for a wild-type (nonmutant) bacterial species to grow.
Researchers often study bacterial strains that harbor mutations and
cannot grow on a minimal medium. A strain that cannot synthesize
a particular nutrient and needs that nutrient to be supplemented in
its growth medium is called an auxotroph. For example, a strain
that cannot make the amino acid methionine would not grow on a
minimal medium because the minimal medium does not contain
methionine. Such a strain would need to have methionine added to
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108 cells 108 cells 108 cells

Nutrient agar plates lacking amino acids, biotin, and thiamine

No colonies Bacterial colonies No colonies
FIGURE 7.1 Experiment of Lederberg and Tatum demon-
strating genetic transfer during conjugation in E. coli. When plated
on a growth medium lacking amino acids, biotin, and thiamine, the mer~
bio™ thr* leu” thi* and met* bio* thr™ leu” thi strains were unable to
grow. However, if the two strains were mixed together and then plated,
some colonies were observed. These colonies were due to the transfer of
genetic material between these two strains by conjugation. Note: In bac-
teria, it is common to give genes a three-letter name (shown in italics)
that is related to the function of the gene. A plus superscript (*) indicates
a functional gene, and a minus superscript (7) indicates a mutation that
has caused the gene or gene product to be inactive. In some cases, sev-
eral genes have related functions. These may have the same three-letter
name followed by different capital letters. For example, different genes
involved with leucine biosynthesis may be called leuA, leuB, leuC, and
so on. In the experiment described here, the genes involved in leucine
biosynthesis were not distinguished, so the gene is simply referred to as
leu™ (for a functional gene) and leu (for a nonfunctional gene).
CONCEPT CHECK: Describe how genetic transfer can explain the growth of
colonies on the middle plate.

its growth medium and would be called a methionine auxotroph.
By comparison, a strain that could make this amino acid would be
termed a methionine prototroph. A prototroph does not need this
nutrient in its growth medium.

The experiment in Figure 7.1 considers one strain, desig-
nated met~ bio~ thr* leu" thi*, which required one amino acid,
methionine (met), and one vitamin, biotin (bio), to be added to its
growth medium in order to grow. This strain did not require the
amino acids threonine (thr) and leucine (leu) or the vitamin thia-
mine (thi) to be added to its growth medium. Another strain, des-
ignated met™ bio* thr™ leu™ thi~, had just the opposite requirements.
It was an auxotroph for threonine, leucine, and thiamine, but a
prototroph for methionine and biotin. These differences in nutri-
tional requirements correspond to variations in the genetic material
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of the two strains. The first strain had two defective genes encod-
ing enzymes necessary for methionine and biotin synthesis. The
second strain contained three defective genes required to make
threonine, leucine, and thiamine.

Figure 7.1 compares the results when the two strains were
mixed together and when they were not mixed. Without mixing,
about 100 million (10%) met™ bio™ thr* leu™ thi* cells were applied
to plates on a growth medium lacking amino acids, biotin, and thia-
mine; no colonies were observed to grow. This result is expected
because the medium did not contain methionine or biotin. Likewise,
when 10% mer* bio® thr™ leu™ thi~ cells were plated, no colonies
were observed because threonine, leucine, and thiamine were miss-
ing from this growth medium. However, when the two strains were
mixed together and then 10° cells plated, approximately 10 bacterial
colonies formed. Because growth occurred, the genotype of the
cells within these colonies must have been met™ bio* thr" leu” thi*.
How could this genotype occur? Because no colonies were observed
on either plate in which the two strains were not mixed, Lederberg
and Tatum concluded that it was not due to mutations that converted
met~ bio™ to met” bio* or to mutations that converted thr™ leu” thi~
to thrt leu™ thi*. Instead, they hypothesized that some genetic mate-
rial was transferred between the two strains. One possibility is that
the genetic material providing the ability to synthesize methionine
and biotin (met* bio™) was transferred to the met™ bio™ thr leu* thi*
strain. Alternatively, the ability to synthesize threonine, leucine, and
thiamine (thr* leu™ thi*) may have been transferred to the met* bio*
thr™ leu™ thi~ cells. The results of this experiment did not distin-
guish between these two possibilities.

Conjugation Requires Direct Physical Contact

In 1950, Bernard Davis conducted experiments showing that two
strains of bacteria must make physical contact with each other to
transfer genetic material. The apparatus he used, known as a U-tube,
is shown in Figure 7.2. At the bottom of the U-tube is a filter with
pores small enough to allow the passage of genetic material (i.e.,
DNA molecules) but too small to permit the passage of bacterial
cells. On one side of the filter, Davis added a bacterial strain with a

Cotton ball —\ Stopper -
& Pressure/suction

met~ bio~thr*leu™*thi* " met* bio*thr~leu~ thi~

Filter

FIGURE 7.2 A U-tube apparatus like that used by Davis. The
fluid in the tube is forced through the filter by alternating suction and
pressure. However, the pores in the filter are too small for the passage of
bacteria.

CONCEPT CHECK: With regard to studying the mechanism of conjugation,
what is the purpose of using a U-tube?

GENETIC TRANSFER AND MAPPING IN BACTERIA

certain combination of nutritional requirements (the met~ bio™ thr*
leu® thi* strain). On the other side, he added a different bacterial
strain (the met" bio® thr™ leu™ thi~ strain). The application of alter-
nating pressure and suction promoted the movement of liquid
through the filter. Because the bacteria were too large to pass through
the pores, the movement of liquid did not allow the two types of
bacterial strains to mix with each other. However, any genetic mate-
rial that was released from a bacterium could pass through the filter.

After incubation in a U-tube, bacteria from either side of the
tube were placed on a medium that could select for the growth of
cells that were met™ bio* thr* leu™ thi*. This minimal medium
lacked methionine, biotin, threonine, leucine, and thiamine, but
contained all other nutrients essential for growth. In this case, no
bacterial colonies grew on the plates. The experiment showed that,
without physical contact, the two bacterial strains did not transfer
genetic material to one another. The term conjugation is now used
to describe the natural process of genetic transfer between bacte-
rial cells that requires direct cell-to-cell contact. Many, but not all,
species of bacteria can conjugate.

An F* Strain Transfers an F factor
to an F~ Strain During Conjugation

We now know that certain donor strains of E. coli contain a small
circular segment of genetic material known as an F factor (for
fertility factor) in addition to their circular chromosome. Strains
of E. coli that contain an F factor are designated F*, and strains
without an F factor are termed F~. F factors carry several genes
that are required for conjugation to occur. For example, Figure 7.3
shows the arrangement of genes on the F factor found in certain
strains of E. coli. The functions of the proteins encoded by these
genes are needed to transfer a strand of DNA from the donor cell
to a recipient cell.

Figure 7.4a describes the molecular events that occur during
conjugation in E. coli. Contact between donor and recipient cells is
a key step that initiates the conjugation process. Sex pili (singular:
pilus) are made by F* strains (Figure 7.4b). The gene encoding the
pilin protein (traA) is located on the F factor. The pili act as attach-
ment sites that promote the binding of bacteria to each other. In this
way, an F* strain makes physical contact with an F~ strain. In cer-
tain species, such as E. coli, long pili project from F* cells and at-
tempt to make contact with nearby F~ cells. Once contact is made,
the pili shorten, thereby drawing the donor and recipient cells
closer together. A conjugation bridge is later formed between the
two cells, which provides a passageway for DNA transfer.

The successful contact between donor and recipient cells
stimulates the donor cell to begin the transfer process. Genes within
the F factor encode a protein complex called the relaxosome.
This complex first recognizes a DNA sequence in the F factor
known as the origin of transfer (see Figure 7.4a). Upon recogni-
tion, the relaxosome cuts one DNA strand at that site in the F fac-
tor. The relaxosome also catalyzes the separation of the DNA
strands, and only the cut DNA strand, called the T DNA, is trans-
ferred to the recipient cell. As the DNA strands separate, most of
the proteins within the relaxosome are released, but one protein,
called relaxase, remains bound to the end of the cut DNA strand.
The complex between the single-stranded DNA and relaxase is
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F factor

Region of F factor that encodes genes
that are necessary for conjugation
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FIGURE 7.3 Genes on the F factor that play a role during conjugation. A region of the F factor carries genes that play a role in the conjuga-
tion process. Because they play a role in the transfer of DNA from donor to recipient cell, the genes are designated with the three-letter names of tra or

trb, followed by a capital letter. (Note: the #r- prefix refers to “transfer.”) The tra genes are shown in red, and the #rb genes are shown in blue. The func-
tions of a few examples are indicated. The origin of transfer is designated oriT.

CONCEPT CHECK: Would this circular DNA molecule be found in an F* or F~ cell?

called a nucleoprotein because it contains both nucleic acid
(DNA) and a protein (relaxase).

The next phase of conjugation involves the export of the nu-
cleoprotein complex from the donor cell to the recipient cell. To begin
this process, the DNA/relaxase complex is recognized by a coupling
factor that promotes the entry of the nucleoprotein into the exporter, a
complex of proteins that spans both inner and outer membranes of the
donor cell. In bacterial species, this complex is formed from 10 to 15
different proteins that are encoded by genes within the F factor.

Once the DNA/relaxase complex is pumped out of the donor
cell, it travels through the conjugation bridge and then into the
recipient cell. As shown in Figure 7.4a, the other strand of the
F-factor DNA remains in the donor cell, where DNA replication
restores this DNA to its original double-stranded condition. After
the recipient cell receives a single strand of the F-factor DNA, re-
laxase catalyzes the joining of the ends of this linear DNA mole-
cule to form a circular molecule. This single-stranded DNA is
replicated in the recipient cell to become double-stranded. The
result of conjugation is that the recipient cell has acquired an F
factor, converting it from an F~ to an F* cell. The genetic composi-
tion of the donor cell has not changed.

Bacteria May Contain Different Types of Plasmids

Thus far, we have considered F factors, which are one type of
DNA that can exist independently of the chromosomal DNA.
The more general term for this type of DNA molecule is a
plasmid. Most known plasmids are circular, although some are
linear. Plasmids occur naturally in many strains of bacteria and
in a few types of eukaryotic cells such as yeast. The smallest
plasmids consist of just a few thousand base pairs (bp) and carry
only a gene or two; the largest are in the range of 100,000 to

500,000 bp and carry several dozen or even hundreds of genes.
Some plasmids, such as F factors, can integrate into a chromo-
some. These are also called episomes.

A plasmid has its own origin of replication that allows it to be
replicated independently of the bacterial chromosome. The DNA
sequence of the origin of replication influences how many copies
of the plasmid are found within a cell. Some origins are said to be
very strong because they result in many copies of the plasmid, per-
haps as many as 100 per cell. Other origins of replication have se-
quences that are described as much weaker, because the number of
copies created is relatively low, such as one or two per cell.

Why do bacteria have plasmids? Plasmids are not usually
necessary for bacterial survival. However, in many cases, certain
genes within a plasmid provide some type of growth advantage to
the cell. By studying plasmids in many different species,
researchers have discovered that most plasmids fall into five dif-
ferent categories:

1. Fertility plasmids, also known as F factors, allow bacteria
to conjugate with each other.

2. Resistance plasmids, also known as R factors, contain
genes that confer resistance against antibiotics and other
types of toxins.

3. Degradative plasmids carry genes that enable the bacte-
rium to digest and utilize an unusual substance. For
example, a degradative plasmid may carry genes that
allow a bacterium to digest an organic solvent such as
toluene.

4. Col-plasmids contain genes that encode colicins, which are
proteins that kill other bacteria.

5. Virulence plasmids carry genes that turn a bacterium into a
pathogenic strain.
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(b) Conjugating E. coli

FIGURE 7.4 The transfer of an F factor during
bacterial conjugation. (a) The mechanism of transfer.

Nll The end result is that both cells have an F factor. (b) Two
ANIMATION E. coli cells in the act of conjugation. The cell on the left

is F', and the one on the right is F~. The two cells make contact with
each other via sex pili that are made by the F* cell.
(b): © Dr. L. Caro/SPL/Science Source

CONCEPT CHECK: What are the functions of relaxase, coupling factor, and
the exporter in the process of conjugation?

7.2 COMPREHENSION QUESTIONS

1. A bacterial cell with an F factor conjugates with an F cell.
Following conjugation, the two cells will be

a. F. c. oneF andoneF.
b. F. d. none of the above.

2. Which of the following is a type of plasmid?
a. F factor (fertility factor)

b. R factor (resistance plasmid)
¢. Virulence plasmids
d. All of the above are types of plasmids.

7.3 CONJUGATION AND

MAPPING VIA HFR STRAINS

Learning Outcomes:

1. Explain how an Hfr strain is produced.

2. Describe how an Hfr strain can transfer portions of the
bacterial chromosome to recipient cells.

3. Construct a genetic map using data from conjugation
experiments.

Thus far, we have considered how conjugation may involve the
transfer of an F factor from a donor to a recipient cell. In addition
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F* cell Hfr cell FIGURE 7.5 Integration of an F factor to form an Hfr cell and its subsequent
excision to form an F’ factor. (a) An Hfr cell is created when an F factor integrates into the
) bacterial chromosome. (b) When an F factor is imprecisely excised, an F’ factor is created
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(b) When an F factor excises imprecisely, an F’ factor is created.

to this form of conjugation, other donor strains of E. coli, called
Hfr strains, are capable of conjugation. In this section, we will
examine how Hfr strains are formed and how they transfer genes
to recipient cells. We will also explore the use of Hfr strains to
map genes along the E. coli chromosome.

Hfr Strains Have an F Factor Integrated into the
Bacterial Chromosome

Luca Cavalli-Sforza discovered a strain of E. coli that was very effi-
cient at transferring many chromosomal genes to recipient F~ strains.
Cavalli-Sforza designated this bacterial strain an Hfr strain (for
“high frequency of recombination”). How is an Hfr strain formed?
As shown in Figure 7.5a, an F factor may align with a similar region
found in the bacterial chromosome. Due to recombination, which is
described in Chapter 20, the F factor may integrate into the bacterial
chromosome. In the example in Figure 7.5a, the F factor has inte-
grated next to a lac™ gene. F factors can integrate into several differ-
ent sites that are scattered around the E. coli chromosome.
Occasionally, the integrated F factor in an Hfr strain is ex-
cised from the bacterial chromosome. This process involves the
looping out of the F-factor DNA from the chromosome, which is
followed by recombination that releases the F factor from the
chromosome (Figure 7.5b). In the example shown here, the exci-
sion is imprecise. This produces an F factor that carries a portion
of the bacterial chromosome and leaves behind some of the

bacterial chromosome from an Hfr cell to an F~ cell
(Figure 7.6). The origin of transfer within the inte-
grated F factor determines the starting point and direc-
‘ tion of this transfer process. One of the DNA strands is
| cutat the origin of transfer. This cut, or nicked, site is
the starting point at which the Hfr chromosome enters
‘ the F~ recipient cell. From this starting point, one
strand of DNA from the Hfr chromosome begins to
lac* ‘ enter the F~ cell in a linear manner. The transfer pro-
cess occurs in conjunction with chromosomal replica-
tion, so the Hfr cell retains its original chromosomal
composition. About 1.5 to 2 hours is required for the
entire Hfr chromosome to pass into the F~ cell. Because
most conjugations do not last that long, usually only a portion

of the Hfr chromosome is transmitted to the F~ cell.

Once inside the F~ cell, the chromosomal material from the
Hfr cell can swap, or recombine, with the homologous region of
the recipient cell’s chromosome. (Chapter 20 describes the process
of homologous recombination.) How does this process affect the
recipient cell? As illustrated in Figure 7.6, this recombination may
provide the recipient cell with a new combination of alleles. In this
example, the recipient strain was originally lac™ (unable to metabo-
lize lactose) and pro~ (unable to synthesize proline). If conjugation
occurs for a short time, the recipient cell will receive a short seg-
ment of chromosomal DNA from the donor. In this case, the re-
cipient cell becomes lac* but remains pro~. If the conjugation is
prolonged, the recipient cell will receive a longer segment of chro-
mosomal DNA from the donor. After a longer conjugation, the re-
cipient becomes lac* and pro*. As shown in Figure 7.6, an
important feature of Hfr conjugation is that the bacterial chromo-
some is transferred linearly to the recipient strain. In this example,
lact is always transferred first, and pro* is transferred later.

In any particular Hfr strain, the origin of transfer has a spe-
cific orientation that promotes either a counterclockwise or clock-
wise transfer of genes. Among different Hfr strains, the origin of
transfer may be located in different regions of the chromosome.
Therefore, the order of genetic transfer depends on the location
and orientation of the origin of transfer. For example, an Hfr strain
different from that in Figure 7.6 could have its origin of transfer
next to pro™ and transfer pro* first and lac* later.



FIGURE 7.6 Transfer of bacterial genes from an Hfr cell to an F~ cell. The transfer of the bacterial e —
chromosome begins at the origin of transfer and then proceeds around the circular chromosome. After a segment f ' N\ f ' ‘
of chromosome has been transferred to the F~ recipient cell, it recombines with the recipient cell’s chromosome. /. \ /. \

Genes— Traits The F recipient cell was originally lac” (unable to metabolize lactose) and pro™ (unable to synthesize pro-
line). If conjugation occurs for a short period of time, the recipient cell acquires lac’, allowing it to metabolize lactose. If
conjugation occurs for a longer period of time, the recipient cell also acquires pro”, enabling it to synthesize proline.

CONCEPT CHECK: With regard to the timing of conjugation, explain why the recipient cell at the top right is pro-,

whereas the recipient cell in the bottom right is pro”.
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EXPERIMENT 7A

Conjugation Experiments Can Map Genes Along
the E. coli Chromosome

The first genetic mapping experiments in bacteria were carried out by
Elie Wollman and Frangois Jacob in the 1950s. These experimenters
were aware of previous microbiological studies concerning bacterio-
phages—viruses that bind to bacterial cells and subsequently infect
them. Those studies showed that bacteriophages can be sheared from
the surface of E. coli cells if the cells are spun in a blender. In this
treatment, the bacteriophages are detached from the surface of the
bacterial cells, but the bacteria themselves remain healthy and viable.
Wollman and Jacob reasoned that a blender treatment could be used
to separate bacterial cells that were in the act of conjugation without
killing them. This technique is known as an interrupted mating.
The rationale behind Wollman and Jacob’s mapping strat-
egy is that the time it takes for genes to enter a donor cell is di-
rectly related to their order along the bacterial chromosome. They
hypothesized that the chromosome of the donor strain in an Hfr
conjugation is transferred in a linear manner to the recipient strain.
If so, the order of genes along the chromosome can be deduced by
determining the time it takes various genes to enter the recipient
strain. Assuming the Hfr chromosome is transferred linearly, they
realized that interruptions of conjugation at different times would
lead to various lengths of the Hfr chromosome being transferred to
the F~ recipient cell. If two bacterial cells had conjugated for a
short period of time, only a small segment of the Hfr chromosome
would be transferred to the recipient bacterium. However, if the
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bacterial cells were allowed to conjugate for a longer period before
being interrupted, a longer segment of the Hfr chromosome could
be transferred (see Figure 7.6). By determining which genes were
transferred during short conjugations and which required longer
times, Wollman and Jacob were able to deduce the order of par-
ticular genes along the E. coli chromosome.

As shown in the experiment of Figure 7.7, Wollman and
Jacob began with two E. coli strains. The donor (Hfr) strain had
the following genetic composition:

thr™: able to synthesize threonine, an essential amino acid
for growth

leu*: able to synthesize leucine, an essential amino acid for
growth

azi' : sensitive (s stands for “sensitive”) to killing by azide
(a toxic chemical)

ton' : sensitive to infection by bacteriophage T1

lac*: able to metabolize lactose and use it for growth

gal™: able to metabolize galactose and use it for growth

str' : sensitive to killing by streptomycin (an antibiotic)

The recipient (F7) strain had the opposite genotype: thr™ leu™ azi’
ton” lac™ gal™ str” (r stands for “resistant”). Before the experiment,
Wollman and Jacob already knew the thr* gene was transferred
first, followed by the leu™ gene, and both were transferred relatively
soon (5-10 minutes) after conjugation. Their main goal in this ex-
periment was to determine the times at which the other genes
(azi®, ton’, lac™, and gal®) were transferred to the recipient strain.
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FIGURE 7.7 The use of conjugation to map the order of genes along the E. coli chromosome.

Starting materials: The two E. coli strains already described, one Hfr strain (thr" leu” azi® ton’ lac* gal* str’) and one F~ strain (thr™ leu™

azi’ ton" lac”™ gal” str").

1. Mix together a large number of Hfr
donor and F~ recipient cells.

2. After different periods of time, take a
sample of cells and interrupt
conjugation in a blender.

3. Plate the cells on solid growth medium
lacking threonine and leucine but
containing streptomycin. Note: The
general methods for growing bacteria in
a laboratory are described in the
Appendix A.

4.Pick each surviving colony, which
would have to be thrt leu* str’, and
test to see if it is sensitive to killing
by azide, sensitive to infection by T1
bacteriophage, and able to metabolize
lactose or galactose.

Experimental level

Flask with
bacteria

Solid growth medium

Overnight
growth
Surviving
colonies Sterile

loop

+Lactose

+C:1alac_tose

Conceptual level

F~cell

Hifr cell

Separate by blending; donor
DNA recombines with recipient
cell chromosome.

’

In this conceptual example, the cells
have been incubated about 20 minutes.

Can survive on
plates with
streptomycin

Cannot survive
on plates with
streptomycin

Additional tests

v

The conclusion is that the colony that was
picked contained cells with a genotype of
thrt leu™ azi® ton® lact gal~ str'.
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The transfer of the st7* gene was not examined because streptomy-
cin was used to kill the donor strain following conjugation.

Before discussing the conclusions of this experiment, let’s
consider how Wollman and Jacob monitored genetic transfer. To de-
termine if particular genes had been transferred after conjugation,
they took the conjugated cells and first plated them on a growth me-
dium that lacked threonine (thr) and leucine (leu) but contained strep-
tomycin (str). On these plates, the original donor and recipient strains
could not grow because the donor strain was streptomycin-sensitive
and the recipient strain required threonine and leucine. However, re-
cipient cells into which the donor strain had transferred chromosomal
DNA carrying the thr™ and leu* genes would be able to grow.

To determine the order of genetic transfer of the azi’, ton’,
lac*, and gal® genes, Wollman and Jacob picked colonies from the
first plates and restreaked them on a medium that contained azide or
bacteriophage T1 or on a medium that contained lactose or galac-
tose as the sole source of energy for growth. The plates were incu-
bated overnight to observe the formation of visible bacterial growth.
Whether or not the bacteria could grow depended on their geno-
types. For example, a cell that is azi® cannot grow on a medium
containing azide, and a cell that is lac™ cannot grow on a medium
containing lactose as the carbon source for growth. By comparison,
a cell that is azi” and lac* can grow on both types of media.

THE GOAL (DISCOVERY-BASED SCIENCE)

The chromosome of the donor strain in an Hfr conjugation is
transferred in a linear manner to the recipient strain. The order of
genes along the chromosome can be deduced by determining the
time various genes take to enter the recipient strain.

THE DATA

Number of Minutes

That Bacterial Cells

Were Allowed to Percentage of Surviving Bacterial

Conjugate Before Colonies with the Following Genotypes:

Blender Treatment thr lewt  azi®  ton® lact  gal®

5% — — — — —

10 100 12 3 0 0
15 100 70 31 0
20 100 88 71 12 0
25 100 92 80 28 0.6
30 100 90 75 36 5
40 100 90 75 38 20
50 100 91 78 42 27
60 100 91 78 42 27

*There were no surviving colonies within the first 5 minutes of conjugation.

Source: Data from Franc¢ois Jacob and Elie Wollman (1961), Sexuality and the
Genetics of Bacteria. Academic Press, New York.

GENETIC TRANSFER AND MAPPING IN BACTERIA

INTERPRETING THE DATA

Now let’s discuss the data shown in the table. After the first
plating, all colonies were composed of cells in which the thr* and
leu* alleles had been transferred to the F~ recipient strain, which
was already streptomycin-resistant. As seen in the data, 5 minutes
was not sufficient time to transfer the thr" and leu™ alleles because
no surviving colonies were observed. After 10 minutes or longer,
however, surviving bacterial colonies with the thr* leu* genotype
were obtained. To determine the order of the remaining genes
(azi®, ton”, lac*, and gal™), each surviving colony was tested to see
if it was sensitive to killing by azide, sensitive to infection by T1
bacteriophage, able to use lactose for growth, or able to use galac-
tose for growth. The likelihood of colonies surviving depended on
whether the azi’, ton’, lac*, and gal® genes were close to the origin
of transfer or farther away. For example, when cells were allowed
to conjugate for 25 minutes, 80% carried the ton' gene, whereas
only 0.6% carried the gal* gene. These results indicate that the
ton’ gene is closer to the origin of transfer than the gal* gene is.
When Wollman and Jacob reviewed all of the data, a consistent
pattern emerged. The gene that conferred sensitivity to azide (azi*)
was transferred first, followed by fon’, lac*, and finally, gal*. From
these data, as well as results from other experiments, Wollman and
Jacob constructed a genetic map that described the order of these
genes along the E. coli chromosome.

thr leu azi ton lac gal

This work provided the first method for bacterial geneticists to
map the order of genes along the bacterial chromosome. Through-
out the course of their studies, Wollman and Jacob identified sev-
eral different Hfr strains in which the origin of transfer had been
integrated at different places along the bacterial chromosome.
When they compared the order of genes among different Hfr
strains, their results were consistent with the idea that the E. coli
chromosome is circular (see question 2 in More Genetic TIPS at
the end of the chapter).
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FIGURE 7.8 A simplified genetic map of the E. coli chromo-
some indicating the positions of several genes. E. coli has a circular
chromosome with about 4300 different genes. This map shows the loca-
tions of a few dozen of them. The map is scaled in units of minutes, and
it proceeds in a clockwise direction. The starting point on the map is the
gene thrA.

CONCEPT CHECK: Why is the scale of this map in minutes?

A Genetic Map of the E. coli Chromosome Has
Been Obtained from Many Conjugation Studies

Conjugation experiments have been used to map more than 1000
genes along the circular E. coli chromosome. A map of the E. coli
chromosome is shown in Figure 7.8. This simplified map shows
the locations of only a few dozen genes. Because the chromosome
is circular, we must arbitrarily assign a starting point on the map,
in this case the gene thrA. Researchers scale genetic maps from
bacterial conjugation studies in units of minutes. This unit refers
to the relative time it takes for genes to first enter an F~ recipient
strain during a conjugation experiment. The E. coli genetic map
shown in Figure 7.8 is 100 minutes long, which is approximately
the time that it takes to transfer the complete chromosome during
an Hfr conjugation.

The distance between two genes is determined by compar-
ing their times of entry during a conjugation experiment. As
shown in Figure 7.9, the time of entry is found by conducting
conjugation experiments that proceed for different time inter-
vals before interruption. We compute the time of entry by ex-
trapolating the data back to the x-axis. In this experiment, the
time of entry of the lacZ gene was approximately 16 minutes,
and that of the galE gene was 25 minutes. Therefore, these two
genes are approximately 9 minutes apart from each other along
the E. coli chromosome.
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FIGURE 7.9 Time course of an interrupted E. coli conjugation
experiment. By extrapolating the data back to the origin, the approxi-
mate time of entry of the lacZ gene is found to be 16 minutes; that of the
galE gene, 25 minutes. Therefore, the distance between these two genes
is 9 minutes.

CONCEPT CHECK: Which of these two genes is closer to the origin of transfer?

7.3 COMPREHENSION QUESTIONS

1. With regard to conjugation, a key difference between F* and Hfr
cells is that an Hfr cell
a. is unable to conjugate.

b. transfers a plasmid to the recipient cell.

c. transfers a portion of the bacterial chromosome to the re-
cipient cell.

d. becomes an F cell after conjugation.

2. In mapping experiments, strains are conjugated to F~
strains. The distance between two genes is determined by com-
paring their during a conjugation
experiment.

a. F', times of entry

b. Hfr, times of entry
c. F', expression levels
d. Hfr, expression levels

7.4 BACTERIAL TRANSDUCTION

Learning Outcomes:

1. Outline the steps of bacterial transduction.
2. Calculate the map distance between genes using data from
a cotransduction experiment.

We now turn to a second method of genetic transfer, one that
involves bacteriophages (also known as phages), which are
viruses that infect bacterial cells. Following infection of the
cell, new viral particles are made, which are then released from
the cell in an event called lysis. In this section, we will examine
how mistakes can happen in the phage reproductive cycle that
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lead to the transfer of genetic material from one bacterial cell
to another.

Bacteriophages Transfer Genetic Material
from One Bacterial Cell to Another Via
Transduction

Before we discuss the ability of bacteriophages to transfer ge-
netic material between bacterial cells, let’s consider some gen-
eral features of a phage’s reproductive cycle. Bacteriophages are
composed of genetic material that is surrounded by a protein
coat. As described in Chapter 18, certain bacteriophages bind to
the surface of a bacterium and inject their genetic material into
the bacterial cytoplasm. Depending on the specific type of bac-
teriophage and its growth conditions, a phage may follow a lytic
cycle or a lysogenic cycle. During the lytic cycle, the phage di-
rects the synthesis of many copies of its own genetic material
and coat proteins (look ahead to Figure 18.4, left side). These
components then assemble to make new phages. When the syn-
thesis and assembly of phages are completed, the bacterial host
cell is lysed (broken apart), releasing the newly made phages
into the environment.

When bacteriophages follow the lytic cycle, on rare occa-
sions bacterial genes may be transferred from one bacterial cell to
another. This process is called transduction. Examples of bacterio-
phages that can transfer bacterial chromosomal DNA from one
bacterium to another are the P22 and P1 bacteriophages, which
infect the bacterial species Salmonella typhimurium and E. coli,
respectively.

How does a bacteriophage transfer bacterial chromosomal
genes from one cell to another? As shown in Figure 7.10, when a
bacteriophage infects a bacterial cell and follows the lytic cycle,
the bacterial chromosome is digested into fragments of DNA. The
bacteriophage DNA directs the synthesis of more phage DNA and
proteins, which then assemble to make new phages. Occasionally,
a mistake can happen in which a fragment of bacterial DNA
assembles with bacteriophage proteins. This creates a phage that
contains bacterial chromosomal DNA. When phage synthesis is
completed, the bacterial cell is lysed and releases the newly made
phage into the environment. Following release, this abnormal
phage can bind to a living bacterial cell and inject its genetic
material into the bacterium. The DNA fragment, which was de-
rived from the chromosomal DNA of the first bacterium, can then
recombine with the recipient cell’s bacterial chromosome. In this
case, the recipient bacterium has been changed from a cell that
was his~ (unable to synthesize histidine) to a cell that is his™ (able
to synthesize histidine).

Cotransduction Can Be Used to Map Genes That
Are Within 2.5 Minutes of Each Other

Can transduction be used to map the distance between bacterial
genes? The answer is yes, but only if the genes are relatively
close together. During transduction, P1 phages cannot package
pieces that are more than 2%-2.5% of the entire length of the

Transducing ‘Q"“
phage with Ee
host DNA ¢

Recombination =
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Donor cell — | Phage infects
(infected X | bacterial cell
by a virus) h'i., / that is his™.

Host DNA is digested
into fragments, and phage

DNA and proteins are
made.

Phages assembile;
occasionally a phage
carries a fragment of

the host cell chromosome.
In this case, it carries the
his* gene.

Transducing phage
injects its DNA into
a recipient cell that
is his—.

[

Recipient cell —‘\, /’
% /
~— = ——
The transduced DNA
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chromosome of the
recipient cell.
p’ >=\\\
Recombinant —/" \
bacterium \ |
L /

The recombinant bacterium’s genotype has
changed from his— to his*.

FIGURE 7.10 Transduction in bacteria.

Genes— Traits During transduction, a phage carries a seg-
ment of bacterial DNA from a donor to a recipient cell. In this
case, the phage carried a segment of DNA with the his" gene
and transferred this gene to a recipient cell that was originally
his~ (unable to synthesize histidine). Following transduction, the recipient cell
became his®, and thus able to synthesize histidine.

CONCEPT CHECK: Transduction is sometimes described as a mistake in the
bacteriophage reproductive cycle. Explain how it can be viewed as a mistake.

ONLINE
ANIMATION

E. coli chromosome, and P22 phages cannot package pieces
that are greater than 1% of the length of the S. typhimurium
chromosome. If two genes are close together along the chromo-
some, a bacteriophage may package a single piece of the
chromosome that carries both genes and transfer that piece to



another bacterium. This phenomenon is called cotransduc-
tion. The likelihood that two genes will be cotransduced de-
pends on how close together they lie. If two genes are far apart
along a bacterial chromosome, they will never be cotransduced
because a bacteriophage cannot physically package a DNA
fragment that consists of more than 1%-2.5% of the bacterial
chromosome. In genetic mapping studies, cotransduction is
used to determine the order and distance between genes that lie
fairly close to each other.

To map genes using cotransduction, a researcher selects
for the transduction of one gene and then monitors whether or
not a second gene is cotransduced along with it. As an example,
let’s consider a donor strain of E. coli that is arg™ met* str’
(able to synthesize arginine and methionine but sensitive to
killing by streptomycin) and a recipient strain that is arg™ met~
str” (Figure 7.11). The donor strain is infected with phage P1.
Some of the E. coli cells are lysed by P1, and this P1 lysate is
mixed with the recipient cells. After allowing sufficient time
for transduction, the recipient cells are plated on a growth me-
dium that contains arginine and streptomycin but not methio-
nine. Therefore, these plates select for the growth of cells in
which the met* gene has been transferred to the recipient strain,
but they do not select for the growth of cells in which the arg*
gene has been transferred, because the growth medium is sup-
plied with arginine.

Nevertheless, the arg’ gene may have been cotransduced
with the mer™ gene if the two genes are close together. To deter-
mine if any of the 50 bacterial colonies on the growth medium
with arginine and streptomycin also carried the arg® gene, each
colony can be picked up with a wire loop and restreaked on a me-
dium that lacks arginine. If the cells from a colony grow, they must
also have obtained the arg® gene during transduction. In other
words, cotransduction of both the arg™ and mer™ genes has oc-
curred. Alternatively, if the cells of a restreaked colony do not

FIGURE 7.11 The steps in a cotransduction experiment. The
donor strain, which is arg® mer* st (able to synthesize arginine and me-
thionine but sensitive to streptomycin), is infected with phage P1. Some
of the cells are lysed by P1, and this P1 lysate is mixed with cells of the
recipient strain, which are arg™ met” str’. P1 phages in this lysate may
carry fragments of the donor cell’s chromosome, and the P1 phage may
inject that DNA into the recipient cells. To identify recipient cells that
have received the mer* gene from the donor strain, the recipient cells are
plated on a growth medium that contains arginine and streptomycin but
not methionine. To determine if the arg* gene has also been cotrans-
duced, cells from each bacterial colony (on the plates containing argi-
nine and streptomycin) are lifted with a sterile wire loop and streaked on
a medium that lacks both amino acids. If the cells can grow, cotransduc-
tion of the arg* and mer™ genes has occurred. Alternatively, if the cells
of the restreaked colony do not grow, they must have received only the
met" gene during transduction.

CONCEPT CHECK: If these two genes were very far apart on the bacterial
chromosome, how would the results have been different?
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grow, only the met' gene was transferred during transduction.
Data from this type of experiment are shown at the bottom of
Figure 7.11. These data indicate a cotransduction frequency of
21/50 = 0.42, or 42%.

In 1966, Tai Te Wu derived a mathematical expression that
relates cotransduction frequency with map distance obtained from
conjugation experiments. This equation is

Cotransduction frequency = (1 — d/L)’
where

d = distance between two genes in minutes

L = the size of the chromosomal pieces (in minutes)
that the phage carries during transduction (For
P1 transduction, this size is approximately 2%
of the bacterial chromosome, which equals about
2 minutes.)

This equation assumes that the bacteriophages randomly
package pieces of the bacterial chromosome that are similar in
size. Depending on the type of phage used in a transduction
experiment, this assumption may not always be valid. Neverthe-
less, this equation has been fairly reliable in computing map
distance from P1 transduction experiments with E. coli. We can
use this equation to estimate the distance between the two genes
described in Figure 7.11.

042=(1-dr)
(1-dr)= V042
1-dlR2=0.75
dr =025

d = 0.5 minute

This equation tells us that the distance between the met* and arg*
genes is approximately 0.5 minute.

Historically, genetic mapping strategies in bacteria often
involved data from both conjugation and transduction experi-
ments. Conjugation has been used to determine the relative order
and distance of genes, particularly those that are far apart along
the chromosome. In comparison, transduction experiments can
provide fairly accurate mapping data for genes that are relatively
close together.

7.4 COMPREHENSION QUESTIONS

1. During transduction via phage P1,
a. any small fragment of the bacterial chromosome may be
transferred to another bacterium by a phage.

b. only a specific fragment of DNA may be transferred to an-
other bacterium by a phage.

c. any small fragment of the bacterial chromosome may be
transferred during conjugation.

d. only a specific fragment of DNA may be transferred during
conjugation.

GENETIC TRANSFER AND MAPPING IN BACTERIA

2. Cotransduction may be used to map bacterial genes that are
a. far apart on the bacterial chromosome.

b. close together on the bacterial chromosome.
c. bothaandb.
d. neitheraorb.

7.5 BACTERIAL

TRANSFORMATION

Learning Outcomes:

1. Outline the steps of bacterial transformation.
2. Explain how certain bacterial species preferentially take up
DNA from their own species.

A third mechanism for the transfer of genetic material from one
bacterium to another is known as transformation. This process was
first discovered by Frederick Griffith in 1928 while he was work-
ing with strains of Streptococcus pneumoniae (see Chapter 9).
During transformation, a living bacterial cell takes up DNA that
was released from a dead bacterium. This DNA may then recom-
bine into the living bacterium’s chromosome, producing a bacte-
rium with genetic material that it has received from the dead
bacterium. In this section, we will examine the steps in the trans-
formation process.

Transformation Involves the Uptake of
DNA Molecules into Bacterial Cells

Transformation occurs as a natural process that has evolved in
certain species of bacteria, in which case it is called natural
transformation. This form of genetic transfer has been reported
in a wide variety of bacterial species. Bacterial cells that are
able to take up DNA are known as competent cells. Those that
can take up DNA naturally carry genes that encode proteins
called competence factors. These proteins facilitate the binding
of DNA fragments to the cell surface, the uptake of the DNA
into the cytoplasm, and its subsequent incorporation into the
bacterial chromosome. Temperature, ionic conditions, and nu-
trient availability can affect whether or not a bacterium is com-
petent to take up genetic material from its environment. These
conditions influence the expression of the genes that encode
competence factors.

In recent years, geneticists have unraveled some of the steps
that occur when competent bacterial cells are transformed by
genetic material in their environment. Figure 7.12 describes the
steps of transformation. First, a large fragment of genetic material
binds to the surface of the bacterial cell. Competent cells express
DNA receptors that promote such binding. Before entering the
cell, however, this large piece of chromosomal DNA must be cut
into smaller fragments. This cutting is accomplished by an extra-
cellular bacterial enzyme known as an endonuclease, which
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FIGURE 7.12 The steps of bacterial transformation. In this
example, a fragment of DNA carrying a Iys* gene enters the competent
cell and recombines with the chromosome, transforming the bacterium
from lys~ to lys™.

Genes— Traits Bacterial transformation can lead to new traits for the recipient
cell. The recipient cell was lys (unable to synthesize the amino acid lysine).
Following transformation, it became lys”. This result transforms the recipient
bacterial cell into a cell that can synthesize lysine and grow on a medium that
lacks this amino acid. Before transformation, the recipient lys cell would not
have been able to grow on a medium lacking lysine.

CONCEPT CHECK: If the recipient cell did not already have a lys gene, could
the lys” DNA become incorporated into the bacterial chromosome? Explain.

7.5 BACTERIAL TRANSFORMATION 169

makes occasional random cuts in the long piece of chromosomal
DNA. At this stage, the DNA fragments are composed of double-
stranded DNA.

In the next step, the DNA fragment begins its entry into
the bacterial cytoplasm. For this to occur, the double-stranded
DNA interacts with proteins in the bacterial membrane. One of
the DNA strands is degraded, and the other strand enters the
bacterial cytoplasm via an uptake system, which is structurally
similar to the one described for conjugation (as shown earlier
in Figure 7.4a) but is involved with DNA uptake rather than
export.

To be stably inherited, the DNA strand must be incorpo-
rated into the bacterial chromosome. If the DNA strand has a
sequence that is similar to a region of DNA in the bacterial
chromosome, the DNA may be incorporated into the chromo-
some by a process known as homologous recombination, dis-
cussed in detail in Chapter 20. For this to occur, the
single-stranded DNA aligns itself with the homologous loca-
tion on the bacterial chromosome. In the example shown in
Figure 7.12, the foreign DNA carries a functional lys* gene that
aligns itself with a nonfunctional (mutant) lys~ gene already
present within the bacterial chromosome. The foreign DNA
then recombines with one of the strands in the bacterial chro-
mosome of the competent cell. In other words, the foreign DNA
replaces one of the chromosomal strands of DNA, which is
subsequently degraded. During homologous recombination,
alignment of the [ys~ and the lys™* alleles results in a region of
double-stranded DNA called a heteroduplex, which contains
one or more base sequence mismatches. However, the hetero-
duplex exists only temporarily. DNA repair enzymes in the re-
cipient cell recognize the heteroduplex and repair it. In this
example, the heteroduplex has been repaired by eliminating the
mutation that caused the lys~ genotype, thereby creating a lys*
gene. Therefore, the recipient cell has been transformed from a
lys~ strain to a lys* strain. Alternatively, a DNA fragment that
has entered a cell may not be homologous to any genes that are
already found in the bacterial chromosome. In this case,
the DNA strand may be incorporated at a random site in the
chromosome. This process is known as nonhomologous
recombination.

Transformation has also been used to map many bacterial
genes, using methods similar to the cotransduction experiments
described in the preceding section. If two genes are close together,
the frequency of cotransformation for them is expected to be
high, whereas genes that are far apart have a frequency of cotrans-
formation that is very low or even zero. Like cotransduction, ge-
netic mapping via cotransformation is used only to map genes that
are relatively close together.

Transformation is also a commonly used laboratory
method to get plasmid DNA into cells, such as E. coli. This is
called artificial transformation to distinguish it from the natu-
ral process. Different approaches can be used to achieve trans-
formation. One method is to treat the cells with calcium chloride,
followed by a brief period of high temperature (a heat shock).
These conditions make the cells permeable to small DNA mol-
ecules. Another method, called electroporation, makes cells
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permeable to DNA by using an externally applied electric field.
In Chapters 21 and 22, we will explore how plasmids are used in
a variety of modern research methods and biotechnological
applications.

Some Bacterial Species Have Evolved Ways to Take
Up DNA from Their Own Species

Some bacteria preferentially take up DNA fragments from other
bacteria of the same species or closely related species. How does
this occur? Recent research has shown that the mechanism can
vary among different species. In S. pneumoniae, the cells secrete
a short peptide called the competence-stimulating peptide
(CSP). When many S. pneumoniae cells are in the vicinity of one
another, the concentration of CSP becomes high, which stimu-
lates the cells to express the competence proteins needed for the
uptake of DNA and its incorporation in the chromosome. Be-
cause competence requires a high external concentration of CSP,
S. pneuomoniae cells are more likely to take up DNA from
nearby S. pneumoniae cells that have died and released their
DNA into the environment.

Other bacterial species promote the uptake of DNA among
members of their own species via DNA uptake signal sequences.
In the human pathogens Neisseria meningitidis (a causative agent
of meningitis), N. gonorrhoeae (a causative agent of gonorrhea),
and Haemophilus influenzae (a causative agent of ear, sinus, and
respiratory infections), these sequences are found at many loca-
tions within their respective genomes. For example, H. influenzae
has approximately 1500 copies of the sequence 5'-AAGTGC-
GGT-3' in its genome, and N. meningitidis has about 1900 copies
of the sequence 5'-GCCGTCTGAA-3'. DNA fragments that have
their own uptake signal sequence are preferentially taken up by
these species instead of other DNA fragments. For example,
H. influenzae is much more likely to take up a DNA fragment with
the sequence 5'-AAGTGCGGT-3'. For this reason, transformation
is more likely to involve DNA uptake between members of the
same species.

7.5 COMPREHENSION QUESTIONS

1. What s the correct order for the steps of transformation given in
the following list?
1. Recombination with the bacterial chromosome

2. Binding of a large DNA fragment to the surface of a bacte-
rial cell

Cutting a large DNA fragment into smaller pieces
Uptake of DNA into the cytoplasm

Degradation of one of the DNA strands
1,2,3,4,5

2,3,5,4,1

2,3,4,5,1

2,5,4,3,1
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2. Some bacterial species preferentially take up DNA fragments
from members of their own species. This uptake can be
promoted by
a. competence-stimulating peptide (CSP).

b. DNA uptake signal sequences.
¢. bothaandb.
d. none of the above.

7.6 MEDICAL RELEVANCE OF
BACTERIAL GENETIC

TRANSFER

Learning Outcomes:

1. Define horizontal gene transfer.
2. Explain the impact of bacterial horizontal gene transfer in
medicine.

The term horizontal gene transfer refers to a process in which
an organism incorporates genetic material from another organ-
ism without being the offspring of that organism. Conjugation,
transformation, and transduction are examples of horizontal
gene transfer. This process can occur between members of the
same species or members of different species. A key reason why
horizontal gene transfer is important is its medical relevance.
One area of great concern is the topic of antibiotic resistance.
Antibiotics are widely prescribed to treat bacterial infections in
humans. They are also used in agriculture to control bacterial
diseases in livestock. Unfortunately, the widespread use of anti-
biotics has increased the prevalence of antibiotic-resistant
strains of bacteria, strains that have a selective advantage over
those that are susceptible to antibiotics. Resistant strains carry
genes that counteract the action of antibiotics in various ways.
A resistance gene may encode a protein that breaks down the
antibiotic, pumps it out of the cell, or prevents it from inhibiting
cellular processes.

The term acquired antibiotic resistance refers to the
common phenomenon of a previously susceptible strain becom-
ing resistant to a specific antibiotic. This change may result from
genetic alterations in the bacterial genome, but it is often due to
the horizontal transfer of resistance genes from a resistant strain.
As reported in the news media, antibiotic resistance has in-
creased dramatically worldwide over the past few decades, with
resistant strains emerging in almost all pathogenic strains of bac-
teria. Some Staphylococcus aureus strains have developed resis-
tance to methicillin and all penicillins. The use, and in some
cases, the overuse, of these antibiotics has increased the preva-
lence of resistant strains, because the resistant strains are able to
survive in the presence of the antibiotic. Figure 7.13 shows the
dramatic increase in the percentage of methicillin-resistant
S. aureus strains over a 20-year period in the United States.
Evidence suggests that these methicillin-resistant strains of
Staphlococcus aureus (MRSA, pronounced “mersa”) acquired
the methicillin-resistance gene by horizontal gene transfer,
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FIGURE 7.13 Percentage of S. aureus strains that were resis-
tant to the antibiotic, methicillin, over a 20-year period. The bacteria
were isolated from patients who had been admitted into a particular
hospital. From 1981 to 2001, the percentage of resistant strains rose
from a very low level to nearly 60%.
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possibly from a strain of Enterococcus faecalis. MRSA strains
cause skin infections that are more difficult to treat than staph
infections caused by nonresistant strains of S. aureus.

7.6 COMPREHENSION QUESTION

1. Which of the following is an example of horizontal gene
transfer?
a. The transfer of a gene from one strain of E. coli to a differ-
ent strain via conjugation
b. The transfer of a gene from one strain of E. coli to a differ-
ent strain via transduction

c. The transfer of an antibiotic resistance gene from E. coli to
Salmonella typhimurium via transformation

d. All of the above are examples of horizontal gene transfer.

KEY TERMS

7.1: genetic transfer, conjugation, transduction, transformation
7.2: minimal medium, auxotroph, prototroph, F factor, sex pili
(pilus), conjugation bridge, relaxosome, origin of transfer,

nucleoprotein, plasmid, episomes
7.3: Hfr strain, F’ factors, interrupted mating, minutes
7.4: bacteriophage (phage), lytic cycle, cotransduction

7.5: natural transformation, competent cells, competence factors,
homologous recombination, heteroduplex, nonhomologous
recombination, cotransformation, artificial transformation,
competence-stimulating peptide (CSP), DNA uptake signal
sequences

7.6: horizontal gene transfer, acquired antibiotic resistance

CHAPTER SUMMARY

7.1 Overview of Genetic Transfer in Bacteria

e Three general mechanisms for genetic transfer in various spe-
cies of bacteria are conjugation, transduction, and transforma-
tion (see Table 7.1).

7.2 Bacterial Conjugation

e Lederberg and Tatum discovered conjugation in E. coli by ana-
lyzing auxotrophic strains (see Figure 7.1).

e Using a U-tube apparatus, Davis showed that conjugation re-
quires cell-to-cell contact (see Figure 7.2).

 Certain strains of bacteria have F factors, which they can trans-
fer via conjugation in a series of steps (see Figures 7.3, 7.4).

7.3 Conjugation and Mapping via Hfr Strains

e Hfr strains are formed when an F factor integrates into the bacte-
rial chromosome. The imprecise excision can produce an F’ factor
that carries a portion of the bacterial chromosome (see Figure 7.5).

e Hfr strains transfer a portion of the bacterial chromosome to a
recipient cell during conjugation (see Figure 7.6).

* Wollman and Jacob showed that conjugation can be used to
map the locations of genes along the bacterial chromosome,
thereby creating a genetic map (see Figures 7.7, 7.8, 7.9).

7.4 Bacterial Transduction

* During transduction, a portion of a bacterial chromosome from
a dead bacterium is transferred to a living recipient cell via a
bacteriophage (see Figure 7.10).

e A cotransduction experiment can be used to map genes that are
close together on a bacterial chromosome (see Figure 7.11).

7.5 Bacterial Transformation

e During transformation, a segment of DNA from a dead bacte-
rium is taken up by a living bacterial cell and then incorporated
into the bacterial chromosome (see Figure 7.12).

7.6 Medical Relevance of Bacterial
Genetic Transfer

* Horizontal gene transfer is a process in which an organism in-
corporates genetic material from another organism without be-
ing the offspring of that organism. Conjugation, transformation,
and transduction are examples of horizontal gene transfer.

* Horizontal gene transfer has involved the transfer of genes that
confer antibiotic resistance. When pathogenic strains acquire
such genes, they become more difficult to treat with commonly
prescribed antibiotics (see Figure 7.13).
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PROBLEM SETS & INSIGHTS

MORE GENETIC TIPS 1.mE coli, the gene bioD™

encodes an enzyme involved in biotin synthesis, and galK* encodes
an enzyme involved in galactose utilization. An E. coli strain that
contained wild-type versions of both genes was infected with P1
phage, and then a P1 lysate was obtained. This lysate was used to
transduce (infect) a strain that was bioD™ and galK ™. The cells
were plated on a medium containing galactose as the sole carbon
source for growth to select for transduction of the galK" gene.

This medium also was supplemented with biotin. The resulting
colonies were then restreaked on a medium that lacked biotin to
see if the bioD* gene had been cotransduced. The following results
were obtained:

different Hfr strains in which the F-factor DNA had been integrated
at different places along the bacterial chromosome. A sample of their
experimental results is shown in the following table:

Order of Transfer of Several Different

Non- Number of Colonies
Selected selected That Grew On: Galactose — Cotransduction
Gene Gene Galactose + Biotin  Biotin Frequency
galK™" bioD* 80 10 0.125

Hfr Bacterial Genes

Strain  Origin First Last
H (6] thr lew azi ton pro lac gal str  met
1 (6] leu thr  met str  gal lac pro ton azi

2 (0] pro  ton azi leu thr met str  gal lac
3 (6] lac pro ton azi lew thr met str  gal
4 (6] met  str gal lac pro ton azi leu thr

5 (6] met  thr lew azi ton pro lac gal str

6 (0] met  thr leu azi ton pro lac gal str

7 (6] ton azi lew thr  met str  gal lac pro

How far apart are these two genes?

OPIC: What topic in genetics does this question address? The
topic is bacterial transduction. More specifically, the question is
about computing the distance between two genes using data from
a cotransduction experiment.

oNFORMATION: What information do you know based on
the question and your understanding of the topic? From the
question, you know that a cotransduction experiment was
conducted in which the cells were initially placed on media with
galactose and biotin. Of the 80 colonies that grew, only 10 of
them grew when restreaked on media that lacked biotin. From
your understanding of the topic, you may remember that map
distance can be computed using this equation: cotransduction
frequency = (1 — d/2)*.

ROBLEM-SOLVING TRATEGY: Make a calculation. To
solve this problem, you first need to know the contransduction
frequency, which is 10 (the number of cotransductants) divided by
80 (the total number of colonies): 10/80 = 0.125.

Cotransduction frequency = (1 — d/2 )?
0.125 = (1 — d2)’
1 —d2= 30125
1-d2=05
d2=1-0.5

d = 1.0 minute

ANSWER: The two genes are approximately 1 minute apart on the
E. coli chromosome.

2. By conducting conjugation experiments between Hfr and recipient
strains, Wollman and Jacob mapped the order of many bacterial
genes. Throughout the course of their studies, they identified several

A. Explain how these results are consistent with the idea that the
bacterial chromosome is circular.

B. Draw a map that shows the order of genes and the locations of
the origins of transfer among these different Hfr strains.

OOPIC: What topic in genetics does this question address? The
topic is genetic mapping. More specifically, the question is about
using conjugation data to construct a genetic map.

o NFORMATION: What information do you know based on the
question and your understanding of the topic? From the
question, you know the order of genetic transfer from several
conjugation experiments. From your understanding of the topic,
you may remember that genes are transferred linearly, from donor
to recipient cell, starting at the origin of transfer.

(D rosLem-soving E)) TRATEGY: Analyze data. Compare
and contrast. Make a drawing. One strategy to solve this
problem is to analyze the data by comparing and contrasting the
order of transfer in these conjugation experiments, which involves
eight strains and nine different genes.

ANSWER:

A. In the data for the different Hfr strains, the order of the nine
genes is always the same or the reverse of that order. For exam-
ple, HfrH and Hfr4 transfer the same genes but their orders are
reversed relative to each other. In addition, the Hfr strains
showed an overlapping pattern of transfer with regard to the ori-
gin. For example, Hfr1 and Hfr2 had the same order of genes,
but Hfrl began with lex and ended with azi, whereas Hfr2 be-
gan with pro and ended with lac. From these findings, Wollman
and Jacob concluded that the origin of transfer had been inserted
at different points within a circular E. coli chromosome in dif-
ferent Hfr strains. They also concluded that the origin can be in-
serted in either orientation, so the direction of genetic transfer
can be clockwise or counterclockwise around the circular bacterial
chromosome.



B. A genetic map consistent with these results is shown here.

E. coli

genetic
map

3 gal

3. An Hfr strain that is leuA™ and thiL* was mixed with a strain that
is leuA™ and thiL". In the data points shown in the following graph,
the conjugation was interrupted at different time points, and the
percentage of recombinants for each gene was determined by
streaking on a medium that lacked either leucine or thiamine.
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What is the map distance (in minutes) between these two genes?

OPIC: What topic in genetics does this question address? The
topic is bacterial genetic mapping via conjugation.

GNFORMATION: What information do you know based on the
question and your understanding of the topic? In the question,
you are given the data from a conjugation experiment involving
two genes. From your understanding of the topic, you may
remember that genes are transferred linearly during conjugation so
that the order of transfer is determined by the location of the gene
relative to the origin of transfer.

QROBLEM-SOLVING TRATEGY: Make a calculation. One
strategy to solve this problem is by extrapolating the data points
to the x-axis to determine the time of entry. For leuA”*, they
extrapolate back to 10 minutes. For thiL*, they extrapolate back to
20 minutes.

ANSWER: The distance between the two genes is approximately
10 minutes.
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4. Genetic transfer via transformation can also be used to map genes
along the bacterial chromosome. In this approach, fragments of
chromosomal DNA are isolated from one bacterial strain and used to
transform another strain. The experimenter examines the transformed
bacteria to see if they have incorporated two or more different genes.
For example, the DNA may be isolated from a donor E. coli
bacterium that has functional copies of the araB and leuD genes.
Let’s call these genes araB* and leuD" to indicate the genes are
functional. These two genes are required for arabinose metabolism
and leucine synthesis, respectively. To map the distance between
these two genes via transformation, a recipient bacterium is used that
is araB™ and leuD". Following transformation, the recipient
bacterium may become araB* and leuD*. This phenomenon is called
cotransformation because two genes from the donor bacterium have
been transferred to the recipient via transformation. In this type of
experiment, the recipient cell is exposed to a fairly low concentration
of donor DNA, making it unlikely that the recipient bacterium will
take up more than one fragment of DNA. Therefore, under these
conditions, cotransformation is likely only when two genes are fairly
close together and are found on one fragment of DNA.

In a cotransformation experiment, a researcher has isolated DNA
from an araB* and leuD" donor strain. This DNA was transformed into
a recipient strain that was araB™ and leuD". Following transformation,
the cells were plated on a medium containing arabinose and leucine.
On this medium, only bacteria that are araB* can grow. The bacteria
can be either leuD™ or leuD™ because leucine is provided in the
medium. Colonies that grew on this medium were then restreaked
on a medium that contained arabinose but lacked leucine. Only
araB * and leuD" cells could grow on these secondary plates.
Following this protocol, the researcher obtained the following
results:

Number of colonies growing on a medium containing
arabinose plus leucine: 57

Number of colonies that grew when restreaked on a medium
containing arabinose medium without leucine: 42

What is the map distance between these two genes? Note: One way
to calculate the map distance is to use the same equation that we used
for cotransduction data, except that we substitute cotransformation
frequency for cotransduction frequency.

Cotransformation frequency = (1 — d/L)*

The researcher needs to experimentally determine the value
of L by running the DNA on a gel and estimating the average
size of the DNA fragments. Let’s assume they are about 2%
of the bacterial chromosome, which, for E. coli, would be
about 80,000 bp in length. So L equals 2 minutes, which is
the same as 2%.

o OPIC: What topic in genetics does this question address? The
topic is genetic mapping via transformation.

o NFORMATION: What information do you know based on the
question and your understanding of the topic? From the
question, you have learned that you can use the same genetic
mappin